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REMARKS 

Entry of this Amendment is proper under 37 C.F.R. 1.116, because the 
Amendment places the application in condition for allowance for the reasons 
discussed herein; does not raise any new issue requiring further search and/or 
consideration, and places the application in better form for an appeal should an 
appeal be necessary. 

Claims 150-152 have been canceled without prejudice or disclaimer to the 
subject matter recited therein. Applicant reserves the right to file one or more 
continuation applications(s) directed to any of the canceled subject matter. 

Claims 1,13, and 22 have been amended and new claims 153-155 have 
been added. In particular, claim 1 has been amended to delete the phrase 
"isolated," to recite "consisting of 1 with regard to the recited fragments, and to note 
that the peptide is a collagen type l-binding peptide. Claim 13 has been amended to 
remove the phrases "isolated" and "fragment". Claim 22 is amended to recite 
"consisting of with regard to the amino acid sequence of the cytoplasmic domain. 
New claims 153-155 have been added and relate to the integrin subunit a1 1 and 
fragments of same. Support for this amendment and the new claims can be found 
throughout the specification and claims as-filed, at least at originally filed claims 12- 
14. No new matter has been added by any of the present amendments and new 
claims to the subject application. 

Applicants request that the Office affirmatively acknowledge that the 
Replacement Sheets for Figures 1-8 are accepted, as submitted on May 21, 2005, 
are accepted. 
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Claims 1, 13, 22 and 150-152 have been rejected under 35 U.S.C. § 112, first 
paragraph, for purportedly not being enabled for the full scope of the claims. As 
claims 150-152 are canceled herein, Applicants address the present rejection as 
applying to claims 1, 13, 22 and new claims 153-155. 

First, Applicants submit that the claims as amended herein, are directed to the 
fragments of amino acid sequences from amino acid 1 165 to amino acid 1 188 of 
SEQ ID No. 2 and from amino acid 804 to amino acid 826 of SEQ ID No. 2. 
Applicants note with appreciation that the Office agrees that these fragments are 
enabled. 

With regard to the fragments as "comprising" the amino acid sequence from 
amino acid 159 to amino acid 355 of SEQ ID No. 2 (i.e. the l-domain of the integrin 
alpha-1 1 subunit), Applicants submit that they are enabled by the specification. To 
this end, Applicants submit that at the time the present application was filed (and 
even at the time the first priority application was filed) the skilled artisan could readily 
make the fragment as claims and then test it for collagen type l-binding activity 
without undue experimentation. 

For example, the specification provides detailed comments on testing a 
peptide fragment for collagen-binding activity by chromatographic means (see page 
18, line 18 to page 19, line 2 and page 26, line 12 to page 27, line 8). 

The Office specifically notes that undue amount of experimentation would be 
required to arrive at the breadth of fragments of the integrin alpha-1 1 subunit which 
bind collagen type I since the relationship between the peptide and its activity was 
not well understood. Applicants respectfully disagree. 

The involvement of the l-domain in the collagen-binding activity of integrin a 
subunits was known at the priority date of the present application. The role of the I- 
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domain in collagen binding is well recognized, and is discussed in the introduction of 
the present specification on page 2, lines 6 to 25. Thus, the application as-filed 
provides clear guidance as to the amino acid sequence requirements to retain 
collagen-binding activity. 

As further support that the role of the l-domain of integrin a subunits in 
collagen binding was well understood at the time the present application was filed, 
Applicants enclose a review article by Dickeson & Santoro (see, for example, the 
paragraph bridging pages 562 and 563). This reference was published in 1998, one 
year before the priority date of the application as-filed 

The Office further states that experimental techniques for testing ligand 
binding properties of cell surface receptors were not in routine use at the priority date 
of the application as filed. Applicants respectfully disagree. The chromatographic 
method described on page 18, line 18 to page 19 of the present specification, for 
testing a peptide fragment for collagen-binding activity, was first published in 1990 
(see Gullberg et al., 1990, Exp. Cell Res. 190:254-264, copy enclosed for the 
Office's convenience). This reference shows that suitable methods for determining 
the collagen binding activity of integrin peptides were available nine years before the 
priority date of the present application. 

By way of further support, Applicants provide copies of several references 
located on the PubMed online database, relating to collagen-binding activity of 
integrin l-domains. Significantly, several of these references describe testing 
collagen-binding activity of fragments of integrin a subunits comprising the 1 -domain. 
Enclosed for the Office's review in this regard are: Calderwood et al., 1997, Biol. 
Chem. 272:12311-12317; Dickeson et al., 1997, Biol. Chem. 272:7661-7668; 
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Kamata & Takada, 1994, Biol. Chem. 269:26006-26010; Kern etaL, 1994, Biol. 
Chem. 269:268 1 1-228 16; and Tuckwell etaL, 1995,3?. Cell Sci. 108:1629-1637. 

As shown by these references, methods of testing the collagen-binding 
activity of peptides comprising the l-domain of an integrin alpha subunit were well 
known and routinely used prior to the filing of the present application. Thus, the 
skilled artisan could readily make and test the collagen-binding activity of peptide 
fragments comprising the l-domain of the integrin a subunit of the present invention 
without undue experimentation. 

Applicants further submit that the specification provides sufficient enablement 
for fragments comprising the peptides as specified in claims 1 and 22 (as amended 
herein). Applicants submit that a skilled artisan could make the claimed fragments 
comprising such peptides and test these fragments for the desired properties without 
undue experimentation. The specification provides guidance as to how to test a 
peptide fragment for collagen-binding activity by chromatographic means (see, page 
26, line 12 to page 27, line 8). The Office asserts that altering the amino acid 
sequence of a polypeptide can alter its properties. However, even if this is the case, 
Applicants submit that testing a given fragment of the integrin subunit sequence of 
SEQ ID No. 2 to determine whether it retains the desired collagen-binding activity 
could be accomplished without undue experimentation. 

In view of the above, the Examiner is respectfully requested to withdraw each 
and every one of the enablement rejections. 

Additionally, claims 1 , 1 1 , 1 3, 1 4, 20, 22-25, 28, 94, 1 1 3, 1 1 5, 1 1 6, 1 1 9, 1 21 - 
124, 126, 146, and 149 have been rejected under 35 U.S.C. § 112, first paragraph, 
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for purportedly not satisfying the written description requirement. This rejection is 
respectfully traversed. 

The Office appears to argue that the applicant was only in possession of the 
intact integrin alpha-1 1 subunit and the fragments thereof exemplified in the 
application as filed. However, Applicants submit that it is not required to exemplify 
every embodiment of the invention in the specification. The objective standard for 
determining compliance with the written description requirement is, "does the 
description clearly allow persons of ordinary skill in the art to recognize that he or 
she invented what is claimed." In re Gosteli, 872 F.2d 1008, 1012, 10 U.SP.Q.2d 
1614, 1618 (Fed. Cir. 1989). 

To this end, Applicants submit that they were in possession of the integrin 
alpha-1 1 subunit and fragments encompassed by the claims as amended herein. 
Applicants note with appreciation that the Office acknowledges that the intact integrin 
alpha-1 1 subunit and fragments consisting of the amino acid sequences from amino 
acid 1 1 65 to amino acid 1 1 88 of SEQ ID No. 2 and the amino acid 804 to amino acid 
826 of SEQ ID No. 2 are supported by the specification. 

Applicants further submit that the specification provides adequate support for 
the recitation of fragments "comprising" the amino acid sequence from amino acid 
159 to amino acid 355 of SEQ ID No. 2 (the l-domain of the integrin all subunit). As 
discussed above, supra, the knowledge of the art at the time the application was filed 
combined with the present specification provides support for the fragments. To this 
end, the specification provides detailed comments on testing a peptide fragment for 
collagen-binding activity by chromatographic means (see page 18, line 18 to page 
19, line 2 and page 26, line 12 to page 27, line 8). 
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In light of the above, withdrawal of this written description rejection is 
respectfully requested. 

Claims 1, 13, 151-152 have been rejected under 35 U.S.C. § 102(b) as 
supposedly anticipated by Gullberg et al. (Dev. Dyn., 204:57-65 (1995)) ("Gullberg"), 
as evidence by Veiling et al. ("Veiling"). This rejection is respectfully traversed. As 
discussed above, claims 151-152 have been canceled without prejudice or 
disclaimer. Therefore, the Examiner's rejection is moot as to those claims, and 
Applicants address the present rejection as to claims 1,13 and 153-155. 

Applicants note that the present claims are amended herein to recite only a 
recombinant integrin all subunit. Gullberg does not disclose a recombinant integrin 
subunit. 

The Office asserts that the 'alpha-mf subunit of the cited reference is identical 
to the alpha-1 1 subunit of the present invention. However, the Office fails to provide 
evidence to support this assertion. As the Office is aware, the fact that a certain 
result or characteristic may occur or be present in the prior art is not sufficient to 
establish the inherency of that result or characteristic. In re Rijckaert, 9 F.3d 1 531 , 
1534, 28 U.S.P.Q.2d 1955, 1957 (Fed. Cir. 1993) (emphasis added); In re Oelrich, 
666 F.2d 578, 581-82, 212 U.S.P.Q. 323, 326 (CCPA 1981). "In relying upon the 
theory of inherency, the examiner must provide a basis in fact and/or technical 
reasoning to reasonably support the determination that the allegedly inherent 
characteristic necessarily flows from the teachings of the applied prior art." Ex parte 
Levy, 17 U.SP.Q.2d 1461, 1464 (Bd. Pat. App. & Inter. 1990) (emphasis in original). 
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The Office refers to page 25, lines 32 to 37 of the application in support , 
wherein it is stated that the integrin alpha-1 1 subunit of the invention is "identical" to 
the integrin alpha-mt subunit disclosed in Gullberg. Applicants note that this 
passage of the specification discusses the similarity of the two integrin alpha 
subunits in terms of physical properties and in vitro expression, and states at page 
25, lines 32-27, that: 

"Based on similar SDS-PAGE migration patterns, similar behaviour 
under reducing conditions, association with beta] integrin chain, and 
up-regulation during in vitro differentiation of human foetal myoblasts, 
the present data show that alpha-1 1 integrin is identical 14'ith alpha- 
mt." 

Therefore, the comparison is not based on the nucleotide and amino acid 
sequences of the alpha-mt and alpha-1 1 integrin subunits. The basis for this 
comparison is important, because the integrin subunit of the present invention is 
defined with reference to a specific, full-length amino acid sequence (SEQ ID No. 2). 
The Office does not provide a basis in fact and/or technical reasoning to reasonably 
support the determination that the allegedly inherent characteristic necessarily flows 
from the teachings of the applied art, and Applicants submit that it cannot be 
concluded with any degree of certainty that the alpha-mt subunit comprises the 
amino acid sequence of SEQ ID No. 2. 

For prior art to be anticipatory, every element of the claimed invention must be 
disclosed, either explicitly or inherently, in a single item of prior art in the form literally 
defined in the claim. See, e.g., Hybritech Inc. v. Monoclonal Antibodies, Inc., 231 
U.S.P.Q. 81, 90 (Fed. Cir. 1986). Therefore, in the present instance, a conclusion of 
lack of novelty should only be reached if it can be shown that the alpha-mt subunit 
disclosed in the Gullberg et al. paper comprises an identical sequence to that shown 
in SEQ ID No. 2 of the present application. The Office has failed to show this. 
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The amino acid sequence of the alpha-mt subunit is not known. In Gullberg, 
the alpha-mt subunit was identified in human foetal G6 myotubes by immuno- 
precipitation using antibodies to the beta-i integrin subunit. The study described in 
Gullberg did not extend to the cloning and sequencing of the alpha-mt subunit. In 
fact, the alpha-mt subunit from human foetal G6 myotubes has never been 
sequenced. 

The authors of Gullberg, who include the present inventor, have attempted to 
clone the alpha-mt gene from human foetal G6 myotubes, but did not succeed. As 
noted in the present specification, "In order to determine the nature of the integrin 
chain that we had previously characterized on human fetal muscle cells and named 
alpha-mt (38) [reference 38 is the cited Gullberg reference], a number of approaches 
were used Applying PCR with mRNA from fetal muscle cells as template together 
with degenerate primers to conserved regions of integrin alpha subunits (43) we 
amplified cDNA for alpha-i, alpha-4, alp ha-5, alpha-6 and alpha-v integrin chains 
(data not shown), but failed to amplify the novel integrin." See page 19, lines 21 to 
28 of the specification. 

Only when the inventor of the present inventor took the inventive step of using 
a different cDNA library to that used in the Gullberg, namely a human uterus cDNA 
library , that he succeeded in cloning the alpha-1 1 gene (see page 19, line 37 to page 
20, line 6 of the application as filed). 

In addition, Applicants note that a different source material was used for 
cloning the alpha-ll gene of the present invention from that of Gullberg. Thus, the 
alpha-mt subunit disclosed in Gullberg is not an identical sequence to that of the 
alpha-1 1 subunit the present application. For example, one of several different 
possibilities is that the alpha-1 1 and alpha-mt subunits are homologues or allelic 
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variants with one or more amino acid differences. Such homologues or allelic 
variants would not destroy the novelty of the subject matter of the pending claims 
because they would not comprise an amino acid sequence identical to that of SEQ 
ID No. 2. 

The Office seems to assert that the amino acid sequence of SEQ ID No. 2 is 
an inherent property of the alpha-mt subunit disclosed in Gullberg. For support, the 
Office cites a paper which published after the present priority date by Veiling. In 
response, Applicants enclose Declarations by Dr. Gullberg and Dr. Veiling, providing 
their comments as to the Office's interpretation of the Gullberg and Veiling 
references discussed in the outstanding Office Action. 

Inventor Gullberg declares that it is not possible to conclude that the alpha-mt 
subunit disclosed in his earlier paper and the alpha-1 1 subunit of the present 
invention are identical. Similarly, Dr Veiling declares that it is not even probable that 
the alpha-mt subunit and the alpha-1 1 subunit share 100% sequence identity, 
because they are derived from different tissues. 

In light of the above, Applicants request that the present rejection under 35 
U.S.C. § 102 be withdrawn. 

CONCLUSION 

In view of the foregoing, further and favorable action in the form of a Notice of 
Allowance is believed to be next in order. Such action is earnestly solicited. 

In the event that there are any questions relating to this Amendment and 
Reply, or the application in general, it would be appreciated if the Examiner would 


Attorney's Docket No. 034325-002 


Application No. 09/980.403 


Page 37 


telephone the undersigned attorney concerning such questions so that the 
prosecution of this application may be expedited. 


P.O. Box 1404 

Alexandria, Virginia 22313-1404 
(703) 836-6620 

Attachments: Declarations of Drs. Gullberg and Veiling 

Literature cited in Amendment 


Respectfully submitted, 


Burns, Doane, Swecker & Mathis, l.l.p. 


Date: November 21. 2005 
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In re the Application of 1 
Donald Gullberg 
Serial No. 09/980,403 
Filed: April 15 r 2002 

For: * Integrin fleterodlmer 
And An Alpha Subunit 
Thereof" 


Examiner : • -Maher Haddad. 
Art Unit: 1644 


DECLftRRSEtOH OF PROFESSOR DOHAED GOLLBERB 


I, Professor Donald Gullberg, hereby declare that: 

* 

* 

1. I am a Professor of Biomedicine at the University of 
Bergen, Norway* 

2. My curriculum vitae is provided' as Appendix l. 

3 I am the sole inventor in respect of OS latent 
Application No. 09/980,403, which relates to the 
human integrin alpha-11 subunit and its use. 

i 

4. I have re-viewed the examination report dated 19 May 
2005 issued in connection with US 09/980, 403 , 
including the references cited .therein. 

5. I have been asked to comment o» -the. following 
scientific paper , orx which I am named as the first 
author: 

Gullberg et aJL 1995, JJev- Dynamics 204, 57-65 

6. My paper describes the purification of a novel 
integrin alpha chain, which we designated alpha-rat, 
from human fetal myotubes. 

7 The examiner asserts that the integrin alpha-mt 
subunit is identical to the alpha-11" subunit 
described in US .09/980,403. In support of this 
assertion, the examiner has cited 'the. passage at 
• page 25, lines 32 to 37 of US D9/980, 403* • wherein it 


is stated that *the pxesent data show that a.lpha-11 
integrin is identical with zlpha-mt'. 

8. However, this conclusion is based on the physical 
properties of the alpha subunits and their, in vitro 
expression, not on their amino ac id ^ sequence . This 
is important because the polypeptides claimed in 
US 09/980,403 are limited by reference to their amino 
acid sequence, namely SEQ ID WO: 2. 

9. We have never been able to sequence the alpha-mt gene 
and determine the amino acid sequence of the encoded 
protein. In fact, to the best of my knowledge, the 
amino acid sequence of the alpha-mt subunit described 
in the Gullberg et al. paper has never been 
determined. 

L0. Hence, it is not possible to conclude that the alpha- 
11 subunit and the alpha-mt 'subunit are identical at 
the level of amino acid sequence. 

■ 

11 Consequently r the examiner's assertion that the amino 
acid sequence of SEQ ID NO: 2 is an inherent ^ feature 
of. the alpha-mt subunit is lacking scientific 
credibility. 

12. In fact, we attempted to clone the alpha-mt gene, as 
described in the Gullberg et al. paper, from human 
fetal GG myotubes but did not succeed. It was only 
after we decided to use a different cDSA library to 
that used in the Gullberg et al. paper, namely a 
human uterus cDNA _ library, that we succeeded in 
cloning the alpha-11 gene. 

13. Given that we used a different source material for 
cloning the alpha-11 gene, it is impossible to 
conclude that the alpha-mt subunit disclosed in the 
Gullberg et al. paper comprises an identical sequence 
to that of the alpha-11 subunit the present 
application. For example, one of several different 
possibilities is that the alpha-11 and alpha-mt 
subunits are homologues or allelic variants with one 
or more amino acid differences. However, such 
homologues or allelic variants would not comprise an 
amino acid sequence identical to that shown in SEQ ID 
NO: 2. 

* 

14. The Examiner supports his novelty objection with 
reference to a paper by . Veiling et.al. r 1999, J. 
Biol. Ch&st. 274:257.35-25742- This paper, on which • I 
am also named as an author, corresponds to the 


disclosure in US 09/980,403 but was published after 
its filing date. Again, corrrparisons • in this p£pez? 
between the integrin alpha-mt sub unit and the alpha- 
11 submit described in tJS 09/9BO r 403 are based on 
the physical properties of the alpha subunits- and 
their in vitro expression, not on their amino acid 
sequence. Hence, it cannot be concluded that the 
alpha-mt snbur.it co*qprises the amino acid sequence of 

SBQ ID NO: 2. 

15-1 hereby declare that all statements made herein of 
my own knowledge are tr.ue and that all statements 
made on information and belief are believed true; and 
further, that these statements are made with the 
knowledge that willful false statements ' and the like 
so mads are punishable by fine or imprisonment, or 
both, under Section 1001 of Title 18 of the Dnited 
States Code r . and that such willful statements may 
jeopardise the validity of the above-referenced 
application or any patent issued thereon. 
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Name: 


CURRICULUM VITAE 


Donald Elon Gullberg 


Date and place of birth: 1959-03-19 in Arboga, Sweden. 
Norwegian Personal nr: 190359-19115 


Marital status: 


Home address: 


University studies: 


Degree: 


Postdoctoral studies: 


Professor competence: 


Present position: 


Previous positions: 


Prizes: 


Married, two children born 1989 and 1992. 

Rieber Mohns vei 25 A, 5231 Paradis, Norway. 

Major in chemistry, Uppsala university (1980-1984). 

Dr. Med. Sci. 90-02-21, Dept. of Medical Chemistry, Uppsala Univ. 

Swedish Natural Science Research council (NFR) postdoc scholarship 
(June 1990 - November 1992) UCLA, CA. Studies of cell adhesion 
during muscle development in Drosophila melanogaster. 

September 2003, qualified as professor in Medical Biochemistry, 
Karolinska institute (ranked number one for lectureship in Medical 
Biochemistry). 

February 2003, qualified as professor in Medical Physiology (ranked 
number one for professorship in Physiology at University of Bergen, 
Norway). 

November 2002, qualified as professor in Functional Genetics, Lund 
University (ranked number two for lectureship in functional Genetics). 

March 2002, qualified as professor in Medical Biochemistry at 
Swedish agricultural university (ranked number three for position as 
professor in Medical Chemistry). 

(040101 - present) Professor of Biomedicine, Dept. of Biomedicine, 
Division of Physiology, University of Bergen. 

(990701- 031231) Research scientist During 990701-010830 at Dept. 
Cell & Molecular Biology, Uppsala University. From 01-09-01- 03- 
12-3 lat Medical Biochemistry and Microbiology, Uppsala University. 
(990101-990630) "Vikarierande lektor", Department of Cell-& 
Molecular Biology, Uppsala University. 
(930101-981231) "Forskarassistenttjanst" financed by Swedish 
Medical Research council (MFR), at Dept. of Animal Physiology 

Walter A. Jonsson Prize, Experimental Cell Research and Academic 
Press, spring -92. 
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Supervision of PhD students: Assistant supervisor: L ars Lohikangas, (1995-2000), 

Ma™ su pervisor : Teet Veiling (1994-2000, defended thesis 2000-05- 
18), Carl-Fredrik Tiger (1996-2002, defended thesis 2002-05-16). 
Current PhD students : Ning Lu registered University of Bergen 2004- 
05-01, Malgorzata Barczyk to be registered spring 2005 

• Supervision of postdocs: Wan-Ming Zhang M.D., PhD. 00-06-01-02-06-30, Svetlana Popova 

M.D, PhD. 01-09-01 - present, Belen Rodriguez-Sanchez, PhD. 03- 
01-12-05-01-30. 

Positions and reviewing tasks for granting agencies: 

Alliance for Cellular Signaling/Nature (2004 - present) Associate 
editor on integrins (ht^://www.signaling-gateway.org/). 

Swedish Research council (2003 - present), member of Molecular 
Cell Biology evaluation committee. 

Swedish Research council (2002 - 2004), KOMBI member. 
Inflammatory Bowel Disease Program, Eli & Edythe Broad 
foundation (US) (2002) - Grant review. 

Swedish Natural Science Research Council (2000) - External 
referee for biologikommitten 3. 

Wellcome trust (2000, 2003) - Major 5 year grant reviews. 

INSERM - (2003-present) External referee to INSERM, France. 

Finnish Academy of sciences (1999) - Major Grant review. 

Academic expertise: Faculty opponent at thesis defense of Lachmi JermdaM 05-04-22, 

Medical Biochemistry, Sahlgrenska Akademien, Gothenburg 
university 

Faculty opponent at thesis defense of Anders Olin 03-06-1 1 at Dept. 
of Cell and Molecular biology, Lund University. 

Faculty opponent at thesis defense of Michael Stigson 96-1 1-01 at 
Inst. f. Miljo och Utvecklingsbiologi, Uppsala University. 

"Saklainning vid docenturansokan", Medical faculty, Lunds 
university Jan. 200 1 . 

Member of thesis committees since 1 995 at least 5/year at Uppsala 
university (Medical/ Natural Science faculties), Karolinska institute, 
and Lund University. 

Recent conferences: Chairman at session of collagen-binding integrins, Collagen 

Gordon conference, Boston, June 2003. 
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Invited speaker to Svenska Forerringen for Biokemi och 
Molekylarbiologi, Kalmar Sept 2003. 

Chairman at session on developmental biology, Finnish- 
Swedish Connective tissue society meeting, Abo, Finland Sept 
2003. 

Referee for journals: Referee for Cancer Res., Cell & Tissue Res. JDev. Dyn., Exp. Cell 

Res., Eur. J. Cell BioL, Eur. J. Biochem., J. Biol. Chem., J. Cell Sci., 
Matrix Biol., Mol. Med. 1993 - 2002 invited by journal editor as a 
regular contributor to Trends in Cell Biology "Headline" section 

Patents: Patent application (-99), "use of <xl 1 integrin", patent application 

initiated by Active Biotech, Lund, currently with Cartela AB, Lund. 
Patent application (-02), Cartela AB, "use of itgal 0 and itgal 1 
knockout mice". 


Publications last 5 years 

1. Popova, S Rodriguez-Sanchez, B.,LideiL A., Betsholtz, C, van den Bos, T., Gullberg, D. (2004) 
The mesenchymal all pi integrin attenuates PDGF-BB stimulated cheinotaxis of embryonic 
fibroblasts on collagens. Dev. Biol 270, 427-442 

2. Gullberg, D. (2003) Cell biology: the molecules that make muscle Nature 424, 13 8-140. 

3. Zhang, W.-M., Kapylas, J., Puranen, J.S., Farndale, R., Tiger, C.-F., Pentikainen, O.T., Johnson, 
M.S., Heino, J., and Gullberg, D. (2003) al 1(31 integrin recognizes the GFOGER sequence in 
interstitial collagens, 7. Biol Chem. t 278, 7270-7278 

4. Gullberg D. (2002) Yet another liaison between two cell adhesion families Trends 
Biochem. Sci 27, 602. 

5. Gullberg, D. (2002) Importance of ECM remodeling clarified Trends Cell Biol. 12, 110. 

6. Zhang, W.-M, Bergman,C. , Veiling, T., Kusche-Gullberg, M., and Gullberg, D. (2002) 
Analysis of the human integrin all gene (HGA11) and its promoter. Matrix. Biol 21, 513-523 

7. Gullberg, D. E., and Lundgren-Akerlund, E. (2002) Collagen-binding I domain mtegrins-what 
do they do? Prog Histochem Cytochem 37, 3-54 

8. Gullberg, D. (2001) Unconventional gene therapy holds promise for muscle disease 
Trends Cell Biol 11 7 461. 

9. Gullberg, D. (2001) Designer integrins proving their value Trends Cell Biol 11, 193. 

10. Gu, Y. C, Talts, J. R, Gullberg, D., Timpl, R-, and Ekblom, M. (2001) Glucocorticoids down- 
regulate the extracellular matrix proteins fibronectin, fibulin-1 and fibulin-2 in bone marrow stroma 
Eur J Haematol 67, 176-1 84. 


11. Tiger, C. F., Fougerousse, F., Grundstrom, G., Veiling, T., and GuUberg, D. (2001) al 1 pi 

+ integrin is a receptor for interstitial collagens involved in cell migration and collagen reorganization 

on mesenchymal nonmuscle cells Dev Biol 237, 1 1 6-129. 

12. Lohikangas, L., Gullberg, D., and Johansson, S. (2001) Assembly of laminin polymers is 
dependent on p 1-integrins Exp Cell Res 265, 135-144. 

13. Champliaud, M. R, Virtanen, L, Tiger, C. F., Korhonen, M, Burgeson, R, and GuUberg, D. 
(2000) Posttranslational modifications and p/gamma chain associations of human laminin al and 

- laminin a5 chains: purification of laminin- 3 from placenta -Exp Cell Res 259, 326-335. 

14. Virtanen, L, Gullberg, D., Rissanen, J., Kivilaalcso, R, Kiviluoto, T., Laitinen, L. A., Lehto, V. 
P., and Ekblom, P. (2000) Laminin al -chain shows a restricted distribution in epithelial basement 
membranes of fetal and adult human tissues Exp Cell Res 257, 298-309. 

15. Pedrosa-Domellof, F. 9 Tiger, C. F., Virtanen, L, Thomell, L. E., and Gullberg, D. (2000) 
Laminin chains in developing and adult human myotendinous junctions J Histochem Cytochem 48, 
201-210. 

16. Gullberg, D., Tiger, C. F., and Veiling, T. (1999) Laminins during muscle development and in 
muscular dystrophies Cell Mol Life Sci 56, 442-460. 

17. Veiling, T„ Kusche-Gullberg, M, Sejersen, T. 9 and GuUberg, D. (1999) cDNA cloning and 
chromosomal localization of human al 1 integrin. A collagen-binding, I domain-containing, p 1 - 
associated integrin a-chain present in muscle tissues J Biol Cham 274, 25735-25742. 

18. Veiling, T., Tiger, C. F., Ekblom, P., and GuUberg, D. (1999) Laminin a chains in colon 
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Abstract. Seven of the integrin or subunits described to 
date, a,, a,, a L , a x , a df a M and a E» contain a highly 
conserved I (or A) domain of approximately 200 amino 
acid residues inserted near the amino-terminus of the sub- 
unit. As the result of a variety of independent experimen- 
tal approaches, a large body of data has recently accumu- 
lated that indicates that the I domains are independent, 
autonomously folding domains capable of directly bind- 


ing ligands that play a necessary and important role in 
ligand binding by the intact integrins. Recent crystallo- 
graphic studies have elucidated the structures of recom- 
binant a M and a L I domains and also delineated a novel 
divalent cation-binding motif within the I domains (metal 
ion-dependent adhesion site, MIDAS) that appears to 
mediate the divalent cation binding of the I domains and 
the I domain-containing integrins to their ligands. 


Key words. Adhesion; integrin; I domain; divalent cation; ligand recognition. 


Introduction 

Of the 15 integrin a subunits that have been identified 
to date, the a u or 2 , a L , ff x , «d. «m and a B subunits 
contain near their amino-termini an autonomously 
folded domain of approximately 200 amino acids re- 
ferred to as the I (inserted) domain. A homologous 
domain, the A domain, is present in von Willebrand 
factor, cartilage matrix protein, type IV, VII, XII and 
XIV collagens, and complement proteins factor B, C2, 
CR3.and CR4. Von Willebrand factor contains three 
repeats of the A domain. The first and third repeats 
have been implicated in collagen binding. This observa- 
tion led to speculation that the Hgand-binding activity 
of the a,/?| and cf 2 /?, integrins, both of which bind 
collagens, might also be mediated by their a subunit I 
domains. Since that time, a substantial body of evidence 
has accumulated to support the notion that the binding 
of most, if not all, ligands to I domain-containing 
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integrins is mediated by the integrin a subunit I domain. 
I domain-mediated ligand binding has been established 
for five of the seven I domain-containing a subunits. 
Table 1 summarizes the I domain-containing integrin a 
subunits, the p subunits with which they associate, their 
Imands and indicates whether the I domain has been 
implicated in the ligand-binding activity of the integrin. 


The I domain-containing integrins 
a^/J, Integrin 

The initial identification and characterization of the 
a,/?, integrin as a collagen and laminin receptor was an 
outgrowth of studies with PC12 cells. Pheochromocy- 
toma-derived PCI 2 cells adhere to laminin and collagen 
types I, II, III and IV in a Mg- + -dependent manner [1]. 
The ability of a monoclonal antibody, 3A3, to block the 
adhesion of PCI 2 cells to collagens and laminin and to 
promote the retraction of neurites extended on these 
substrates led to the identification of the a x p x integrin 
as a collagen/laminin receptor [2]. Evidence for the 
involvement of the a, integrin subunit I domain in 
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Tabic 1. The 1 domain-containing iniegrins. 


a Subunit 

Parent iniegrin 

Substrate 

I domain involvement 
in ligand binding 

References 



collagen 

yes 

[3.4] 


laminin 

yes 

[3,4] 

2 2 


collacen 


[20-22, 4] 



laminin 

yes 

[22. 4] 



collagen C — propeptide 

>'CS 

[23] 



echovirus-1 

yes 

[19.16] 

3L 


ICAM-I 

yes 

[38] 



ICAM-2 

h 

[34] 



ICAM-3 

yes 

[38] 

*X 

*xf?2 

fibrinogen 

9 
* 

[55] 


iC3b 

yes 

[54, 56] 

*d 

^2 

ICAM-3 

9 
• 

[57] 

*M 


ICAM-I 

yes 

[51] 


fibrinocen 

yes 

[51 



iC3b 

yes 

[51] 



Factor X 

9 

* 

[46] 



NIF 

yes 

[50, 52] 



heparin 

yes 

[49] 



0 

? 

[59, 60] 



9 

4 

9 
■ 

[62-64J 


ligand binding was obtained using another a x p x integrin 
function-blocking antibody, IB3.1. This antibody failed 
to bind to a functional chimeric a x p x integrin that 
consisted of the chicken I domain inserted into the 
human a, subunit. Furthermore, mutation of D253 
within the chicken I domain to alanine restored 1B3.1 
binding and caused a significant decrease in cell adhe- 
sion to collagen IV and laminin [3J. Finally, recombi- 
nant a j integrin 1 domain was shown to bind to types I 
and IV collagen and laminin in a divalent cation-depen- 
dent manner that was inhibited by an a,/?, integrin 
function-blocking antibody [4]. Thus the adhesion of 
cells to collagens and laminin via the a,/?, integrin 
appears to be dependent upon interactions involving the 
a, I domain. 


*zPi Integrin 

Recognition that the <x 2 ft\ integrin serves as a collagen/ 
laminin receptor grew out of early studies with platelets 
[5]. Platelets adhere to collagen in a divalent cation-de- 
pendent manner [6]. Mg 2+ , Mn 2+ and several other 
divalent cations support the adhesion of platelets to 
collagen. Ca 2+ , which fails to support platelet adhesion 
to collagen, inhibits the Mg 2+ -dependent adhesion. Fol- 
lowing surface iodination and membrane protein solu- 
bilization, a 160,000-Da protein was identified as the 
mediator of cation-dependent adhesion of platelets to 
collagen [6]. A heterodimeric complex containing the 
160,000-Da protein and an additional 130,000-Da 
protein was purified from platelet membranes by se- 


quential chromatographic steps on concanavalin A-Sep- 
harose and collagen-Sepharose. This complex was 
shown by immunological means to be identical to VLA- 
2, or what is now known as the oc 2 p x integrin [7], 
Further evidence that the a 2 P\ integrin was a Mg 2+ rde- 
pendent collagen-binding protein was obtained when 
the purified integrin was incorporated into liposomes. 
Like cells expressing the or,/?, integrin, the liposomes 
bound collagen in an Mg 2+ -dependent manner that was 
inhibited by Ca 2+ [7, 8], Other independent investiga- 
tions carried out originally with platelets and HT-1080 
cells identified the a 2 P\ integrin as the antigen recog- 
nized by an antibody that inhibited cell adhesion to 
collagen [9-11]. Platelet deficiency of the <x 2 P\ integrin 
results in platelet unresponsiveness to collagen and a 
bleeding disorder [12]. 

Although the a 2 p x integrin is widely expressed on sev- 
eral different cell types, its substrate specificity varies. 
While it is a receptor for both collagen and laminin on 
endothelial and epithelial cells [13, 14], it binds only 
collagen when expressed on platelets [8]. The identifica- 
tion of a monoclonal antibody directed against the p x 
integrin that is capable of converting the a 2 p x integrin 
from a collagen-binding form to a collagen/Iaminin- 
binding form provides compelling evidence that the 
difference between these two forms of the integrin is 
their conformational state [15]. In addition to the extra- 
cellular matrix components collagen and laminin, the 
a 2 P\ integrin has been shown to be a receptor for a 
common human viral pathogen, echovirus-1 [16], and 
the carboxyl-terminal propeptide of type I collagen [17]. 
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Considerable evidence exists to implicate the I domain 
of the oc 2 integrin subunit in the binding of the a 2 /? t 
integrin with its ligands. An antiserum directed against 
an x 2 I domain fusion protein expressed in bacteria 
disrupts the adhesion of endothelial ceils to type I 
collagen and laminin [18]. Using a series of human/ 
bovine a 2 -integrin subunit chimeras, the epitopes of all 
known z 2 fli function-blocking monoclonal antibodies 
have been mapped to the I domain [19]. Point muta- 
tions at several critical residues within this region of the 
a, subunit abolish the adhesion of cells and the binding 
of recombinant I domain to collagen [19, 20]. Recombi- 
nant a 2 -integrin I domain specifically binds collagen, 
laminin and the carboxyl-terminal propeptide of type I 
procollagen in a divalent cation-dependent manner [4, 
21-23]. Thus, as is the case for the a x p x integrin, the I 
domain of the a 2 integrin subunit is the binding site of 
all known Iicands of the as/?, integrin. 


fi 2 Integrin subfamily 

The /? 2 integrins consist of four adhesion receptors 
whose expression is restricted to white blood cells. Un- 
like the /?, integrins, all known p 2 integrins contain an I 
domain within their a subunits. Within this group are 
the a L /? 2 , a M /? 2) a x /? 2 and cr d /? 2 integrins. Ah inherited 
/? 2 -integrin deficiency has provided evidence for the 
importance of the p 2 integrins for normal immune func- 
tion. Leukocyte adhesion deficiency (LAD) is a disease 
in which the expression of the /? 2 -integrin subunit is 
either deficient or absent [24]. The loss (or decreased 
expression) of the fl 2 integrins in LAD patients results 
in recurring bacterial infections, impaired neutrophil 
mobility and respiratory burst, abnormal neutrophil 
phagocytosis and other related defects. Transfection of 
the /? 2 -integrin subunit complimentary DNA (cDNA) 
into B lymphoblastoid cells from LAD patients restored 
normal levels of the a L /? 2 integrin to the cell surface 
[25]. Homotypic adhesion and adhesion to intercellular 
adhesion molecule-1 (ICAM-1) was also restored in the 
p 2 transfected cells. These experiments verified that the 
LAD defect is in the /?,-integrin subunit. 


a v J 2 Integrin 

The cr L /? 2 integrin, also referred to as LFA-1 
(lymphocyte function-associated antigen 1), is expressed 
on all leukocytes with the exception of some 
macrophages [26]. Although identified by screening for 
monoclonal antibodies that inhibited CTL (cytolytic T 
lymphocyte)-mediated killing [27], the a L /? 2 integrin is 
also required for many other leukocyte functions, in- 
cluding T-helper and B-Iymphocyte responses, natural 
killing, antibody-dependent cytotoxicity mediated by 
monocytes and granulocytes, and adhesion of leuko- 


cytes to endothelial cells, fibroblasts and epithelial cells 
[28]. 

The first counterreceptor identified for the a L /? 2 inte- 
grin, ICAM-1, was identified by screening for mono- 
clonal antibodies that inhibited the aggregation of 
a L /? 2 -positive cells [29]. ICAM-1 expression is rapidly 
induced by inflammatory cytokines [30], and analysis of 
its cDNA sequence has revealed that it is a member of 
the immunoglobulin supergene family with five im- 
munoglobulin-like domains [31, 32]. The identification 
of ICAM-1 as a ligand for the a L /? 2 integrin provided 
the first example of an interaction between a member of 
the integrin family and a member of the immunoglobu- 
lin superfamily. 

The adhesion of inflammatory cells to endothelial cell 
monolayers occurs by both a L /? 2 -dependent and 2 u /? 2 - 
independent mechanisms. cr u /? 2 -Dependent adhesion is 
further subdivided into a L /? 2 -dependent/ICAM-I -de- 
pendent and oc L /? 2 -dependent/ICAM-l -independent 
mechanisms [33]. This led to the search for additional 
iigands for the a L /? 2 integrin. ICAM-2, identified by 
functional screening of a cDNA library prepared from 
endothelial cells [34], is also a member of the im- 
munoglobulin superfamily. ICAM-2 contains two im- 
munoglobulin-like domains. These domains are similar 
(34% identity) to immunoglobulin-Hke domains 1 and 2 
of ICAM-1. Unlike ICAM-1, the basal expression of 
ICAM-2 on endothelial cells is high, and its expression 
is not induced further by lipopolysaccharide [34]. 
The observation that a mixture of blocking monoclonal 
antibodies to ICAM-1 and ICAM-2 failed to inhibit 
completely the adhesion of some T- and B-lymphocyte 
cell lines to purified a L /? 2 integrin was the impetus for a 
search for a monoclonal antibody that could inhibit the 
remaining adhesion, thus identifying a third ligand for 
the oc L p 2 integrin [35]. Such an antibody was identified; 
adhesion of resting lymphocytes to purified or L /? 2 inte- 
grin was almost entirely mediated by ICAM-3. Cloning 
of the ICAM-3 cDNA revealed that it is also closely 
related to ICAM-1 [36, 37]. Like ICAM-1, ICAM-3 
contains five immunoglobulin-like domains. Unlike 
ICAM-1, however, ICAM-3 is constitutively expressed 
on resting leukocytes, leading to the speculation that it 
may be important for the initiation of the immune 
response [36]. 

Evidence for the involvement of the a L I domain in 
binding to ICAM-1 and ICAM-3 has been obtained. A 
screen of 21 ar L and 10 /? 2 monoclonal antibodies iden- 
tified a single a L antibody, MEM-S3, that was capable 
of enhancing the binding of T cells to purified ICAM-1. 
Using a series of a L -deletion mutants, the MEM-S3 
activation epitope was mapped to the I domain [38]. In 
addition, purified recombinant a L -integrin I domain 
binds to ICAM-1 and inhibits a L A2-i n tegrin-dependent 
T cell adhesion to ICAM-1. The epitopes of 18 out of 
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20 ol^Pz integrin-function blocking antibodies map to 
the I domain [39]. Finally, a screen of 19 a L and 10 p 2 
monoclonal antibodies identified two ot L antibodies that 
inhibited T-cell adhesion to ICAM-3 [40]. The epitopes 
of both of these antibodies were mapped to the I 
domain. Interestingly, neither of these antibodies inhib- 
ited T-cell adhesion to ICAM-1. Conversely, the acti- 
vating antibody MEM-83 was incapable of stimulating 
T-cell adhesion to ICAM-3. The authors speculate that 
alternative forms of the I domain may be present on the 
cell surface after activation and that the activating anti- 
body is capable of inducing or stabilizing the ICAM-1- 
binding form, while the inhibitory antibodies interfere 
with the ICAM-3-binding form. In any event, these 
studies provide data that demonstrate the importance of 
the a L I domain with respect to ligand binding of the 
a L /? 2 integrin. 

a M /? 2 Integrin 

The adhesive function of the oc M p 2 integrin, or Mac-1, 
was identified using a monoclonal antibody (Ml/70) 
from a panel of antibodies that reacted with mouse cell 
surface antigens [41]. The distribution of the a M /? 2 inte- 
grin is more restricted than that of the cr L /? 2 integrin; it 
is found almost exclusively on myeloid cells [42]. The 
ability of antibody Ml/70 to inhibit rosetting of iC3b- 
coated erythrocytes to murine macrophages and human 
polymorphonuclear leukocytes identified the or M /? 2 inte- 
grin as the type three complement receptor [43]. Acti- 
vated neutrophils adhere to stimulated endothelial cells 
in a manner dependent on the a M /? 2 integrin on the 
neutrophil and ICAM-1 on the endothelial cells, 
demonstrating that ICAM-1, a ligand for the a L p 2 
integrin, also binds the « M p 2 integrin [44]. A role of the 
a M^2 integrin/ICAM-1 interaction is to facilitate firm 
attachment of leukocytes to the endothelium following 
rolling along the endothelium at sites of inflammation 
[45]. Stationary adhesion is a prerequisite for neutrophil 
extravasation at sites of inflammation. Additional Iig- 
ands for the oc M p 2 integrin include factor X [46], fibrino- 
gen [47, 48] and heparin [49]. The hookworm-derived 
glycoprotein NIF (neutrophil inhibitory factor) exerts 
its effects of blocking both the adhesion of activated 
neutrophils to vascular endothelial cells and the release 
of H 2 0 2 from activated neutrophils by virtue of a 
high-affinity interaction with the a M /? 2 integrin [50]. 
Most of the flf M /? 2 integrin/ligand interactions that have 
been characterized to date are clearly due to recognition 
of the Iigands by the a M -integrin subunit I domain. The 
epitopes recognized by monoclonal antibodies that 
block the binding to or M /? 2 of iC3b, ICAM-1, fibrinogen 
and a fourth ligand that facilitates neutrophil homo- 
typic adhesion all map to the a M integrin I domain [51]. 
NIF binds recombinant a M I domain with high affinity 


and in a specific manner. The binding is blocked by a 
monoclonal antibody directed against the a M I domain 
[52]. 

cc v /?2 Integrin 

Expression of the oc x Pi integrin, previously referred to 
as pi 50,95, is mainly restricted to myeloid cells [53]. The 
isolation of activated U937 (a monocytic cell line) cell 
surface proteins by affinity chromatography on immo- 
bilized iC3b led to the identification of the a K p 2 integrin 
as an iC3b receptor [54]. Tumour necrosis factor-a- 
stimulated polymorphonuclear leukocytes adhere to 
fibrinogen in a manner blocked by two monoclonal 
antibodies directed against the a x -integrin subunit [55]. 
Thus fibrinogen is a ligand for both the a M /? 2 and the 
oc x p 2 integrins. The epitope recognized by an a x -inte- 
grin monoclonal antibody capable of blocking the adhe- 
sion of cells and the binding of purified <x x p 2 integrin to 
iC3b has been mapped to the a x -integrin subunit I 
domain, showing the importance of this I domain in the 
ligand recognition and binding by the a K p 2 inteerin 
[56]. 

a d p 2 Integrin 

The most recently identified member of the /? 2 -integrin 
subfamily is the a d p 2 integrin [57]. The a d subunit is 
more similar to the a M and cr x integrin subunits than to 
the a L subunit. The distribution of the a d P 2 integrin is 
somewhat different than that of the oc M /? 2 and a x /? 2 
integrins. It is expressed on macrophages and granulo- 
cytes in the splenic red pulp, on lipid-laden 
macrophages in aortic fatty streaks and to a lesser 
extent on peripheral blood leukocytes. Flow cytometry 
and solid-phase adhesion assays were used to compare 
the binding of the a d /? 2 integrin to ICAM-1 and ICAM- 
3. Both methods demonstrated that the a d p 3 integrin 
preferentially bound ICAM-3. Involvement of the a d -in- 
tegrin subunit I domain in ligand recognition and bind- 
ing has not been demonstrated. 

oc E p 4 and cc B p 7 integrins 

The screening of monoclonal antibodies prepared 
against the human pancreatic cell line FG led to the 
discovery of the cf E /? 4 -integrin [58, 59]. This integrin is 
localized to the basal surface of keratinocytes, and 
anti-/? 4 -integrin antibodies block the adhesion of kerati- 
nocytes to purified laminin [60]. Thus the a E /7 4 integrin 
appears to mediate the adhesion of keratinocytes to 
basal lamina. Specific Iigands for the <x E p A integrin have 
not been identified. 

The or E /? 7 integrin was also identified by reactivity with a 
monoclonal antibody [61]. This integrin, along with a 4 /? 7 . 
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is expressed on intestinal intraepithelial lymphocytes. 
The a E /? 7 integrin, in conjunction with the a L /? 2 inte- 
grin, has been shown to mediate the adhesion of T 
lymphocytes to epithelial cells [62], The epithelial cell 
counterreceptor for the a E /? 7 integrin has been identified 
as E-cadherin [63]. Cloning of the a E -integrin subunit 
revealed the presence of an I domain, and an extra 55 
amino acid domain just amino-tcrminal to the I domain 
[64]. This extra domain is highly negatively charged and 
contains a protease cleavage site. Among the a -integrin 
subunits, this domain is unique to a E . Northern blot 
analysis revealed that the a E -integrin messenger RNA 
(mRNA) is restricted to mucosal lymphocytes. As yet 
there is no evidence for the involvement of the a E I 
domain in ligand binding. 

I domain structure 
Protein structure 

The primary sequence of each of the integrin or -subunit 
I domains is shown in figure 1 . Even a cursory examina- 
tion of the sequences reveals that the integrin I domains 
constitute a family of closely related proteins with a 
high degree of sequence identity and/or similarity. Re- 
cent efforts by two groups have led to solution of 
crystal structures for the a M - and a L -integrin subunit I 
domains [65-68]. These studies have resulted in dra- 
matic new insights into I domain structure and func- 
tion. 

As the major structural features identified were com- 
mon to both the or M and a L I domains, only the a M 
structure is described in detail. A stereoscopic ribbon 
diagram of the cc M domain is presented in figure 2. The 
I domain is composed of alternating amphipathic a 
helices and hydrophobic p strands. The five parallel and 
one antiparallel /? strands form a central sheet that is 
surrounded by the seven or helices. The I domain struc- 
ture is an example of the 'Rossmann' dinucleotide, or 
doubly-wound fold. A crevice is formed along the top 
of the p sheet. In all other proteins exhibiting this type 
of folded structure, the apical crevice functions as a 
ligand-binding site. Additional observations described 
below suggest that this is probably also true for the I 
domains. 


Divalent cation binding 

In accordance with observations from an earlier experi- 
mental study suggesting that the 1 domain contained a 
novel divalent cation-binding motif [69], a single diva- 
lent cation binding site was located in the -cr M and a L I 
domain crystal structures in the crevice at the top of the 
p sheet. The structural basis of Mg 2+ binding to the or M 
1 domain will be used as an example to - facilitate an 
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initial detailed discussion of the metal-binding proper- 
ties of the I domain (fig. 3a). 

Mg 2+ has sites for six coordinating ligands arranged in 
an octahedral geometry. Three of the six Mg u coordi- 
nation sites in the I domain are provided by the hy- 
droxyl oxygen atoms of SI42, S144 and T209 of o\. 
Two additional coordination ligands are provided by 
water molecules wl and \v2. w2 is also hydrogen bonded 
to a carbonyl oxygen of E244. The two aspartate 
residues, DUO and D242, previously implicated in metal 
binding by mutagenesis studies, appear to participate 
indirectly by hydrogen bonding to a water molecule (wl ) 
and hydroxyl side chains of SI 42 and SI 44, respectively. 
Somewhat surprisingly, the sixth and apical coordina- 
tion ligand was provided by E314 of a neighbouring I 
domain molecule in the crystal. It seems likely that, in 
solution, this coordinating ligand is provided by water. 
Given the position of the metal ion in the putative 
ligand-binding crevice, it is attractive to consider that an 
acidic side chain from the ligand might provide a site in 
the ligand-bound form of the I domain. 
The or M I domain has also been crystallized in the 
presence of Mn 2+ [66]. The profound structural differ- 
ences observed between the Mn 2+ - and Mg 2+ -occupied 
forms of the 1 domain may shed light on the structural 
basis underlying some divalent cation-dependent alter- 
ations in I domain ligand-binding specificity. For exam- 
ple, Mg 2+ effectively supports binding of the a 2 -integrin 
I domain to collagen and only poorly supports binding 
to laminin, whereas Mn :+ effectively supports binding 
to both ligands [22, 70]. The manner in which Mn 2+ is 
coordinated in the a M I domain is shown in figure 3b. 
The position of the divalent cation is shifted by 2.3 A, 
relative to its position in the Mg 2+ -loaded form of the I 
domain. The two serine residues continue to provide 
coordinating ligands, as in the Mg 2+ form. However, in 
the Mn 2+ form, the coordinating side chain of T209 is 
replaced by the D242 side chain. The three remaining 
sites are provided by water molecules. The changes in 
coordination pattern have marked effects on the protein 
structure. The C-terminal al helix (see fig. 2) moves 10 
A up the side of the I domain molecule, with burial of 
F302, which was completely exposed in the Mg 2+ struc- 
ture. These changes necessitate additional movements of 
three connecting segments, subsequent burial of F275, 
which was also exposed in the Mg 2+ structure, and 
consequent repositioning of D242 so that it is now 
capable of supplying a coordination ligand to the Mn :+ . 
Although the a M I domain structure is profoundly de- 
pendent upon the identity of the bound divalent cation, 
this does not appear to be the case for the a L I domain. 
Structures of the or L I domain have recently been solved 
for crystals containing either Mg 2+ or Mn 2+ , as well as 
for I domains free of metal [68]. Although the general 
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Figure 1. Comparison of amino acid sequences of the I domains from the seven I domain-containing integrins. Regions of identity arc 
boxed; regions of identity or conserved similarity are shaded. Positions of the conserved residues constituting the MIDAS motif are 
indicated by asterisks. . . ■ 


features of I domain structure from the study of the or M 
domain clearly apply to the or L I domain, the a L struc- 
ture was not dependent upon the presence or identity of 
divalent cation. The a L data suggest that the divalent 
cation dependence of ligand binding and specificity 
arises either because of direct interactions of ligands 
with the metal, or because the metal is required to 


promote a favourable quaternary arrangement of the 
integrin [68]. 

A recent study of divalent cation binding to the recom- 
binant a 2 -integrin subunit I domain exploited Tb 3+ , a 
fluorescent probe of protein divalent cation-binding 
sites, to examine the relative affinities of divalent 
cations for the I domain (S. K. Dickeson et at., unpub- 
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Figure 2. Schematic slereoribbon diagram of the ac M integrin subunit I domain structure. Reprinted with permission from: Lee J.-O., 
Rieu P., Arnaout M. A. and Liddineton R. (1995). Crystal structure of the A domain from the z. subunit of integrin CR3 
(CDllb/CDl8). Cell 80: 63I-63S, © Cell Press, 1997. 


lished observations). As expected from earlier studies, 
Ca 2+ did not compete with Tb 3+ for binding. Al- 
though Mg 2+ and Mn 2+ both competed with Tb 3+ 
for binding, Mn 2+ was a much more effective com- 
petitor than Mg 2+ , suggesting that the a 2 -integrin I 
domain divalent cation-binding site prefers Mn 2+ over 
Mg 2+ . 

The above studies have placed the divalent cation- 
binding properties of the integrin I domains on a very 
solid structural foundation. Metal ion binding is me- 
diated by the conserved DXSXS sequence, residues 
140-144 in a M and homologous regions in other I 
domains, T209 and D242 of a M and their equivalents 
in other I domains. Unlike the EF-hand metal-binding 
motifs present elsewhere in integrin a subunits, the I 
domain metal-binding motif is constructed from non- 
contiguous residues. The DXSXS motif and the equiv- 
alents of T209 and D242 of a M are conserved in all 
integrin I domains. The locations of these conserved 
metal-binding residues are indicated by asterisks in 
figure 1. The function of these residues in divalent 
cation and ligand binding is supported by rather ex- 
tensive mutagenesis studies of the a M -, a L - and os-in- 
tegrin subunits [19, 20, 69, 71]. Although mutagenesis 
of T223 of the oc 2 I domain was initially thought to 
impair direct interaction with collagen [20], T221 of as 
is homologous to T209 of a M . The divalent cation 
dependence of ligand binding to integrins and their I 
domains, as well as the location of the motif in a 
putative ligand-binding crevice of the I domain, has 
led to its designation as a MIDAS (metal ion-depen- 
dent adhesion site) motif [65]. ...... 


Ligand binding 

Rapid and dramatic progress has been made in identi- 
fying potent, low molecular weight antagonists of lig- 
and binding for many of the integrins that lack I 
domains. Similar attempts to identify small inhibitory 
peptides derived from the Hgands of I domain-con- 
taining integrins have met with only limited success, 
resulting in the identification of only weakly in- 
hibitory sequences [72—74]. It now seems likely that 
most I domain-containing integrins will be found to 
recognize structurally and conformationally complex 
determinants within their ligands that are not effec- 
tively mimicked by short linear synthetic peptides. 
Although abundant evidence has now accumulated to 
support the roles of the I domain and its MIDAS 
motif in ligand binding to I domain-containing inte- 
grins, a substantial body of data indicates that amino 
acid residues and structural regions other than those 
mediating divalent cation binding are essential for lig- 
and binding and that the different ligands for a given 
I domain may interact with the I domain somewhat 
differently. Only a few pertinent examples are cited to 
support these concepts. 

The human a 2 integrin and I domain bind collagens, 
laminin and echovirus 1 [75]. Antibodies that inhibit 
binding to collagen and laminin have no effect on 
echovirus binding and vice versa, despite the fact that all 
of the antibodies map to epitopes within the I domain 
[19, 76], Furthermore, although the human and mouse cc 2 
integrin subunits arc 84% identical, the human integrin 
binds echovirus, whereas the mouse integrin does not. 
Insertion of the human a 2 -integrin I domain into the 
murine os-integrin subunit to create a murine/human 
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Figure 3. High-resolution comparison of divalent cation coordination and I domain structure of the Mg 2+ (a) and Mn 2t {b) forms of 
the 3f M -iniegrin subunit I domain. Water molecules arc labelled \vl-w3. Selected hydrogen ions are shown by clashed lines. The identity 
of coordinating amino acid side chains are indicated by a single letter code. Reprinted with permission from: Lee J. -O., Bankston L. 
A., Arnaout M. A. and Liddington R. C. (1995). Two conformations of the integrin A-domain (l-domain): a pathway for activation? 
Structure 3: 1333-1340, © Current Biology Ltd., 1997. 


chimeric a 2 subunit containing the human I domain 
conferred virus-binding activity upon the chimera [76]. 
Although the cr 2 -integrin I domain binds both collagens 
and laminin, type I collagen binding was markedly 
enhanced by the addition or the contiguous first EF- 
hand motif to the recombinant I domain, whereas lami- 
nin binding was unafTected by this addition [22, 70]. 
As indicated earlier, the I domain of the cc M subunit is a 
major recognition site for four distinct a M /? 2 ligands: 
iC3b, fibrinogen, ICAM-1 and an uncharacterized 
counterreceptor responsible for neutrophil homotypic 
adhesion. The use of a battery of monoclonal antibod- 
ies that recognized distinct epitopes within the I domain 
and blocked the binding of one or more ligands to the 
integrin led to the conclusion that ligand recognition 
sites in the 1 domain were overlapping but nonidentical, 
as individual cr M /? 2 -ligand pairs were distinguishable by 
discrete patterns of antibody inhibition [51]. A recent 
mutagenesis experiment reinforces this conclusion. A 
switch of the R281QELNTI sequence in helix 6 of the 
cr M I domain to the corresponding QETLHKF sequence 
of the oc L subunit completely inhibited adhesion to 
fibrinogen, but had no. effect on iC3b or NIF binding 
by the integrin [77]. A very recent study has localized 
the NIF-binding site to a limited region on the surface 
of the a M I domain composed of P147-R152, P201- 
K217 and D248-R261 [78], These regions are located in 
the eel helix, the connecting segment between the <z3 


and a 4 helices, and helix a 5, respectively, in the model 
shown in figure 2. When these regions of the ce M I 
domain were introduced into the cc x I domain, the cr x I 
domain acquired high-affinity NIF-binding activity. 
Similar but less extensive studies have been carried out 
to examine the binding of a L /? 2 to ICAM-1 and ICAM- 
3. Two monoclonal antibodies that selectively blocked 
binding to ICAM-3 but had no effect on binding to 
ICAM-1 were identified, both of which recognized epi- 
topes within the I domain [40]. A third antibody recog- 
nizing a distinct I-domain epitope activated a L /? 2 to 
enhance binding to ICAM-1 but not ICAM-3. 


Sum man and conclusions 

A large body of data obtained during the past few years 
using multiple independent experimental approaches 
has unambiguously established a crucial role for the I 
domain in the binding of ligands by the intact I domain- 
containing integrins. A novel type of divalent cation 
binding site, the MIDAS motif, has been defined within 
the I domain and is thought to play a critical role in the 
divalent cation-dependent binding of I domains and I 
domain-containing integrins to their ligands. Our recent 
observations suggest that binding of at least some lig- 
ands to the a 2 -integrin I domain results in displacement 
of the divalent cation from the integrin (S. K: Dickeson 
et al., unpublished observations). 
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Recent crystallographic studies or the or M and a L I 
domains have considerably elevated our understanding 
of! domain structure and have provided clues to design 
more sophisticated approaches to define the detailed 
molecular interactions involved in ligand binding to the 
I domains. The next large step in our understanding of 
these biologically important receptor-Iigand interactions 
will likely be a three-dimensional view of an I domain- 
ligand complex. 
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Detergent extracts of primary rat hepatocytes and 
neonatal cardiac fibroblasts were applied to collagen 
type I-Sepharose in the presence of 1 mMMnClo. Elu- 
tion of bound proteins by 10 mMEDTA yielded one 
integrin heterodimer from hepatocytes with an M r of 
180,000/115,000 under nonreducing conditions. Two 
/3 3 -integrins with M T 's (nonreduced) of 180,000/ 
115,000 and 145,000/115,000 could be isolated from 
surface-iodinated fibroblasts. A monoclonal antibody, 
3 A3, directed against the rat homolog of the human in- 
tegrin VLA-1, precipitated the affinity-purified M r 
180,000/115,000 heterodimer, establishing the relat- 
edness of the M r 180,000 subunit to the o^-chain of the 
^-integrin subfamily. Both the a^-integrin and the 
1 45,O00/£ j-integrin heterodimers bound specifically to 
Sepharose beads derivatized with the collagen frag- 
ment a 1(1) CB3, which lacks RGD sequences. Immuno- 
fluorescence staining using the 3A3 monoclonal anti- 
body revealed that the rat -integrin was present at 
focal adhesion sites of fibroblasts grown on native col- 
lagen type I- but not on fibronectin-coated substrates, 
although both types of substrates supported the forma- 
tion of ^-integrin containing focal adhesions. Simi- 
larly, hepatocytes cultured on substrata coated with 
collagen type I (but not fibronectin) were stained in a 
patchy pattern localized to the cell periphery by 3A3 
IgG. Furthermore, 3A3 IgG completely inhibited the at- 
tachment of hepatocytes to collagen type I, whereas 
under identical conditions the attachment of fibroblasts 
to these substrates was inhibited only by approximately 
40%. The attachment of both hepatocytes and cardiac 
fibroblasts to fibronectin was unaffected by the pres- 
ence of the 3 A3 antibody. Collectively these data show 
that a rat homolog of the human VLA-1 heterodimer 
both biochemically and functionally fulfills the criteria 
of a single collagen receptor on rat hepatocytes. In con- 
trast, rat cardiac fibroblasts utilize two different colla- 
gen-binding integrins to adhere to collagen, one of 
which is the rat homolog of the human VLA-1 hetero- 


dimer. Furthermore al(I) CB3 contains cell binding 

sites for /3 j -integrins. <£> 1990 Academic Press. Inc. 
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INTRODUCTION | 

■;-.\" 

Integrins are a family of cell surface receptors which .§ 
structurally are heterodimers composed of noneoya- % 
lently linked a- and ^-chains [1, 2]. On the basis of dif- § 
ferent /?-chain compositions the integrin family can be § 
divided into at least four subfamilies, named /S a -£ 4 inte 
grins [1-4]. Within each subfamily the same /3-chain is |S 
associated with a number of distinct ^-chains, thought S 
to be determinants of ligand selectivity. The nomenela-|I 
ture of the VLA-1 through VLA-6 proteins, with corre-|| 
sponding a-chains, through a 6 [4, 5], is commonly:|J 
used to designate members of the ^-integrin subfamily,^! 
which includes fibronectin receptors [6-9], laminin re-|g 
ceptors [10-13], and collagen receptors [8, 9, 14, 15]/|fe 
Integrins can be classified as Arg-Gly-Asp (RGD)-de-|| 
pendent or RGD-independent, respectively. The RGD-g 
dependent integrin matrix receptors include receptors'fg 
for fibronectin, vitronectin, von Willebrand factor, 
brinogen, thrombospondin, bone sialoprotein, and ten- jf 
ascin [1, 2, 16-18]. f§ 

R,ecent data have suggested that the integrin system g: 
can utilize a number of mechanisms to modulate cellu- $4- 
lar adhesiveness to the extracellular matrix. Thus, mul-g^ 
tiple integrin receptors exist for individual matrix li-'f| 
gands [6-15]. The expression of integrins is altered by |% 
cytokines [19, 20] and cellular transformation [21]. Al-|g 
ternative splicing has been reported for Drosophila inte-;^ 
grins [22] and mammalian integrins [23]. and the exis- j^ 
tence of cell-specific modulatory factors that can cleter-|£ 
mine the ligand selectivity of integrin heterodimers hasgW 
recently been postulated [13]. Further complexity is in-g:; 
troduced into this system by the finding that a-chains|^ 
within one subfamily can associate with ^-chains of an-^ 
other subfamily [4, 24-26]. To understand the complex^ 
ity of cell adhesion to individual matrix components andj^:- 
the cellular regulation of these events, it is important 
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establish the basic characteristics of particular receptor 
ligand interactions. The present report is a continuation 
of our earlier work aiming at characterizing the interac- 
tion of primary hepatocytes and cardiac fibroblasts with 
collagen at the molecular level [15, 27-29]. 

The RGD tripeptide is present numerous times in sev- 
eral of the genetically different collagen types [30-35], 
However, many cell types seem to bind native collagen 
in an RGD-independent manner [8, 14, 15, 36, 37] and 
RGD -containing peptides fail to elute integrin receptors 
from collagen-Sepharose [14, 38], The attachment of 
many cell lines to denatured collagen type VI is, how- 
ever, inhibited by RGD-containing synthetic peptides 
[34]. In the present report we show that the al(I)CB3 
fragment, which lacks RGD, contains binding sites for 
£ 3 -inte grins. We also demonstrate, both biochemically 
and functionally, that primary rat hepatocytes possess a 
single collagen -binding integrin receptor. This colla- 
gen-binding integrin heterodimer has an M r of 180,000/ 
115,000 and is the rat homolog of the human VLA-1 
integrin heterodimer. Primary rat cardiac fibroblasts, 
by contrast, possess two collagen-binding integrins, one 
of which is the rat homolog of the human VLA-1 hetero- 
dimer. 


MATERIALS AND METHODS 

Reagents. Calf collagen type I was obtained commercially (Vitro- 
gen 100, Collagen Corp., Palo Alto, CA). GRGDS peptides were from 
Bachem Feinchemikalien AG (Switzerland). GRGDTP and GRGESP 
peptides were from Telios Pharmaceuticals (San Diego, CA). CNBr- 
activated Sepharose CL-4B, Protein A-Sepharose CL-4B, and S 
Sepharose Fast Flow were from Pharmacia AB (Uppsala, Sweden). 
Nitrocellulose paper was from Schleicher &. Schuell. Lactoperoxi- 
dase, goat anti-mouse IgG coupled to Sepharose, glucose oxidase type 
IT, trypsin type III, of-chy mo trypsin type II, and pepstatin A were 
from Sigma Chemical Co. (St. Louis, MO). Leupeptin and staphylo- 
coccal V8 endoproteinase were from Boehringer- Mannheim (Mann- 
heim, FRG) and aprotinin was from Bayer (Leverkusen, FRG). Fluo- 
rescein isothiocyanate (FITC)-conjugated goat anti-mouse Fab was 
purchased from ICN Immuno Biological (Lisle, IL). Texas Red avidin 
D, biotinylated horse anti- mouse IgG, and biotinylated goat an ti- rab- 
bit IgG were from Vector (Burlingame, CA), rabbit anti -mouse IgG 
was from Zymed (San Francisco, CA), and FITC-conjugated goat 
anti- rabbit IgG was from Sigma. 

Preparation of CNBr peptides of calf collagen type J. Calf collagen 
type I (100 mg) was dissolved in 20 ml of 70% (v/v) formic acid con- 
taining CNBr (12 mg/ml) and digested at room temperature over- 
night. Digestion was terminated by dilution with water and freeze 
drying. The cleaved product was then subjected to cation-exchange 
chromatography on 20 ml of S Sepharose Fast Flow at room tempera- 
ture as described [39 j. Fractions from the chromatography were sub- 
jected to 10-15% SDS-PAGE and stained with Coomassie blue. Frac- 
tions eluting at the position expected of al(I) CB3 and with the appar- 
ent molecular weight in SDS-PAGE, corresponding to a pure sample 
of al(I) CB3 kindly provided by Dr. Rupert Timpl (Munich, FRG), 
were pooled and freeze-dried. The pooled CB3 was free of contami- 
nants as judged by silver staining. 

Preparation of affinity columns. Rat skin collagen type I, or alter- 
natively calf collagen type I or calf al(I) CB3, was coupled to CNBr- 
activated Sepharose CL-4B at a concentration of 2 mg/ml in 0.26 M 


NaCI, 20 mM NaH 2 PO«, pH 8.2, at 4°C. Sepharose substituted with 
the M t 105,000 cell binding fragment of fibronectin was donated by 
Dr. Staffan Johansson [40]. 

Cells. Hepatocytes were obtained by a collagenase-perfusion 
method as described by Obrink [41]. Monolayer cultures of primary 
neonatal rat cardiac fibroblasts were established by differential at- 
tachment of cells obtained after collagenase digestion of hearts as 
previously described [42], Cardiac fibroblasts were grown in DMEM 
medium supplemented with 10% fetal bovine serum and used be- 
tween passages 2 and 10. 

Antibodies. An ti-p\ -integrin IgG was made as described [15]. Poly- 
clonal antibodies to the M T 180,000 hepatocyte protein were made as 
described below. Briefly, collagen -binding integrins from rat hepato- 
cytes were purified as described under Affinity chromatography. 
EDTA-eluted material was pooled, dialyzed against water in the cold, 
lyophilized, subjected to 99% EtOH at -20°C to remove detergent, 
and separated on a 5-10% SDS-polyacrylamide gel under nonreduc- 
ing conditions. After completed electrophoresis the gel was stained 
briefly with Coomassie brilliant blue, and the gel segment containing 
the M r 180,000 protein was cut from the gel and subjected to electro- 
elution as described [15, 43]. Electroeluted protein was dialyzed 
against 0.13 Af NaCI, 0.01 M Tris-HCl, pH 7.4 (TBS), and used to 
immunize a rabbit subcutaneously and intradermally in the thighs 
and on the back until a stable titer was obtained as judged by immu- 
noprecipitation of surface -iodinated fibroblasts. IgG was purified 
from immune sera by affinity chromatography on Protein A-Sepha- 
rose CL-4B. The isolation and characterization of the monoclonal 
antibody, 3A3, which specifically recognizes rat pheochrornocytoma 
(PC12) cell collagen/laminin receptor and perturbs PC12 cell adhe- 
sion to collagen and laminin, have been described elsewhere [44, 45 j. 

Polyacrylamide gel electrophoresis and immunoblotting. Electro- 
phoresis was performed on SDS-polyacrylamide gradient gels ac- 
cording to Blobel and Dobberstein [46]. Molecular weight standards 
were from Bio-Rad Laboratories. Reduced samples were treated with 
10 mM DTT followed by alkylation with 50 mM iodoacetamide. Im- 
munoblot analysis of proteins transferred to nitrocellulose was per- 
formed according to Gerton et al. [47]. The molecular weights of the 
blotted proteins were estimated by relating their positions to 125 I-la- 
beled marker proteins (Sigma MW-SDS-200 marker protein kit sup- 
plemented with fibronectin) transferred from the SDS-polyacryl- 
amide gel. 

Peptide analysis. Peptide mapping was performed essentially as 
described by Cleveland et al. (48J. Hepatocyte proteins eluted by 
EDTA from collagen type I-Sepharose were dialyzed against PBS 
and iodinated using IODO-BEADS (Pierce Chemicals Co.) according 
to the recommendations of the manufacturer. The iodinated proteins 
were separated on 5-10% SDS-PAGE under reducing conditions. 
The gel was fixed and dried in solutions devoid of acid and subjected 
to autoradiography. The two high-M r bands were cut out separately 
using the X-ray film as a template and stored in the freezer until used. 
Cleavages with trypsin, a-chy mo trypsin, and VS-protease were per- 
formed in the spacer gel with subsequent separation on a 10-15% 
SDS-polyacrylamide gel. After completed electrophoresis the gels 
were dried and subjected to autoradiography. 

Cell surface labeling and preparation of cell extracts. Confluent fi- 
broblasts or overnight cultures of hepatocytes were labeled with 12,V T 
in culture dishes (100 mm in diameter). The plates were incubated 
with 0.5 mCi 125 I (Amersham, UK), 50 /zg of lactoperoxidase, 2 jig 
glucose oxidase all in 1 ml of PBS with 5 mM /?-D-glucose for 20 min 
at room temperature. After the plates were washed with cold PBS (5x 
10 ml), 1 ml of lysis buffer (1% Triton X-100 (TX-100), 1 mMMnCl 2 ; 
and 10 mM Tris-HCl, pH 7.4, containing 1 mM PMSF, 10 mg/ml 
aprotinin, 1 Mg/ml pepstatin A, and 1 ng/ml leupeptin) was added to 
each plate and the plates were then incubated for 30 min at 4°C. The 
cell layer was scraped and transferred to a test tube, insoluble mate- 
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FIG. 1. Analysis of hepatocyte integrins with affinity for colla- 
geD type 1. Hepatocyte proteins, punned on collagen type 1-Sepha- 
rose and eluted with 10 mMEDTA as described under Materials and 
Methods, were electrophoresed on 5-10% SDS-polyacryl amide gels 
under nonreducing (NR; lane a) or reducing (R; lane b) conditions 
and visualized by silver staining. In lane c, EDTA eluted proteins that 
had been separated on a 5-10% SDS-gel under nonreducing condi- 
tions were transferred to nitrocellulose and immunoblotted with anti- 
#j -integrin IgG. 


rial was removed by centrifugation at 15,000^ for 30 min, and NaCl 
was added to a final concentration of 0.113 M. 

Jmrnunoprecipitation. For immunoprecipitations with polyclonal 
rabbit IgG, cell extracts (or iodinated proteins affinity purified on 
collagen-Sepharose) were incubated with purified preimmune rabbit 
IgG (100 jig/ml) end over end for 4 h after which 100 jil of a suspen- 
sion of Protein A-Sepharose CL-4B beads (50% slurry with 0.1% TX- 
100, 0.15 M NaCl, 10 nxM Tris-HCl, pH 7.4) was added and allowed to 
bind for 1 h. The beads were removed by centrifugation and the 
cleared extract was incubated with the immune IgG (100 ng/ml) for S 
h, followed by a further 1-h incubation in the presence of 100 y\ of 
Protein A-Sepharose slurry. For immunoprecipitations with mono- 
clonal antibody 3 A3 the same procedure was used except that the IgG 
was used at a concentration of 10 jig/ml, and antibodies were precipi- 
tated by goat anti-mouse IgG-Sepharose. After the last incubation 
the beads were washed four times with 1% TX-100, 0.5 Af NaCl, 1 mM 
MnCJ 2 , 10 mM Tris-HCl, pH 7.4, and twice with TBS, prior to solubi- 
lization and boiling in SDS-PAGE sample buffer. All steps were per- 
formed at 4°C. After completed electrophoresis the gels were dried 
and exposed to Kodak X-Ornat AR film. 

Affinity chromatography. All steps were performed at 4°C. Hepa- 
tocy ten were solubilized in lysis buffer (see above) with 0.13 M NaCl at 


4 D C for 1 h, the lysate was centrifuged at 100,000 g for 1 h, and the 
supernatant was applied to a lentil lectin column. The lectin column 
was washed in 0.1% TX-100, 0.5 M NaCl, 1 mMMnCl.,, 1 mM PMSF, 
and 10 mM Tris-HCl, pH 7.4 {Buffer A), followed by 0.1% TX-100, { 
mM MnCl 2 , 1 mM PMSF, and 10 mM Tris-HCl, pH 7.4 (Buffer B), 
and eluted with Buffer B containing 5% «-methylmannoside. The 
lentil lectin eluate was then directly pumped onto a column of colla- 
gen-Sepharose or CB3-Sepharose, which way washed with Buffer B 
and Buffer B containing 75 mAf NaCl, before eluting with elution 
buffer (0.1% TX-100, 10 mM EDTA. 10 mM Tris-HCl. pH 7.4). 
Eluted fractions were electrophoresed on SDS-polyacrylamide pels 
and proteins were visualized by silver staining. 12& I -labeled fibroblasts 
were extracted in lysis buffer and the lysate was incubated with colla- 
gen type I-Sepharose, CB3-Sepharose, or 105-kDa fibronectin frag- 
ment-Sepharose for 30 min. The columns were extensively washed 
with Buffer B and thereafter with Buffer B containing 75 mM NaCl, 
before eluting with elution buffer. Eluted proteins were visualized by 
autoradiography. 

Ceil attachment assay. The quantitation of cell attachment and 
the effects of various antibodies on this attachment have been 
previously described [15, 43]. Briefly, a microtiter plate-based assay 
was used in which proteins were coated on Microelisa plates (Dyna- 
tech, In vitro, Chantilly, VA), overnight at 4°C in the following con- 
centrations: laminin, 20 iL*fm\\ calf collagen type I, 50 ^g/ml; and 
fibronectin, 20 Mg/ml. All proteins were dissolved in cold PBS. Re- 
maining protein binding sites on the plastic surface were blocked by 
incubation with 0.1% BSA in PBS. In 100 fi] of a buffer containing 
0.137 Af NaCl, 4.7 mM KC1, 0.65 mM MgCl 2 , 1.2 mM CaCl 2 , 10.1 mAf 
Hepes, at pH 7,4, 10* cardiac fibroblasts or hepatocytes were seeded 
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FIG. 2. Peptide mapping of the two protein bands comprising 
the hepatocyte collagen -binding integrin. The hepatocyte integrin 
with affinity for collagen was iodinated and electrophoresed on a 
5-10% SDS gel under reducing conditions. Following drying and auto- 
radiography the three bands shown in Fig. 1, lane b, were excised from 
the gel and subjected to cleavage in the spacer gel of a 30-15% SDS !^f^S§^| 
gel as described under Materials and Methods: J^-integrin band (1); ^Mflte^^ 
M t 180,000 band (2); M r 185,000 band (3). (A) uncleaved proteins; (B) ||f||||fl$ 

nth 1.0 of vs -Sf?^P'^ 


cleavage with 1.0 ^g chymoirypsin; (C) cleavage wi 
protease. Note the close resemblance of the fragment patterns in* J? 
lanes 2 and 3. .. . ,, 
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FIG. 3. Analysis of fibroblast integrins with affinity for collagen 
type I. Surface -iodinated rat heart fibroblast pioteins were purified 
on collagen type I-Sepharose, eluted with 10 mMEDTA as described 
under Materials and Methods, and electrophoresed on a 5-10% SDS 
gel under nonreducing (NR; lane a) and reducing (R; lane b) condi- 
tions after which the gel was dried and labeled proteins were visual- 
ized by autoradiography. The eluted proteins were passed over a G-25 
Sephadex column equilibrated -in 0,1% TX-100, 1 rnMMnCl 2 , 0.15 M 
NaCl, 10 mM Tris-HCl, pH 7.4, and subjected to immunoprecipita- 
tion with anti-£,-integrin as described under Materials and 
Methods. The specifically precipitated proteins were separated on a 
5-10% SDS gel under nonreducing (NR: lane c) and reducing (R; lane 
d) conditions followed by autoradiography. 


in the presence of the indicated concentrations of the IgG to be tested. 
Cells were incubated for 30 min at 37°C, the plates were washed, and 
the numbers of attached cells were Quantified as described [15]. 

Immunofluorescence. Reflection interference microscopy (RIM) 
images were achieved using the Bio-Rad MRC-600 confocal micro- 
scope in the reflectance mode. Cells grown on collagen type I- or 
fibronectin -coated glass coversLips were processed for RIM, immuno- 
fluorescence staining, and laser scanning confocal microscopy as 
previously described [15, 38]. Neonatal cardiac fibroblasts or hepato- 
cytes were cultured on collagen type I- or fibronectin-coated cover- 
slips overnight. Coverslips were rinsed in PBS and cells were fixed 
with 2% paraformaldehyde in PBS for 18 min (hepatocytes) or for 10 
min (fibroblasts), rinsed in fresh PBS, permeabilized with 0.5% Tri- 
ton X- 100 in PBS for 20 min (hepatocytes) or for 30 min (fibroblasts), 
and incubated with 0.1 M glycine, pH 7.4, for 1 h followed by 0.5% 
B-SA in PBS (PBS-BSA) for 30 min. Four different staining protocols 
were used: The 3A3 antibody (5-10 tig/m\) t the anti-p>integrin IgG 
(40 jzg/ml), and control IgG were incubated with fixed and permea- 
bilized fibroblasts at 37 °C for 45 min. The coverslips were rinsed with 
PBS-BSA and in protocol 1 incubated with biotinylated anti-mouse 
or anti-rabbit IgG at 37°C for 30 min, rinsed wHh PBS-BSA, incu- 
bated with Texas Red-labeled avidin at 37°C for 30 min, and rinsed in 
PBS-BSA. Following a final rinse in distilled water the coverslips 
were mounted in Fluoromount-G. In protocol 2, the fixed and permea- 
bilized fibroblasts were incubated with primary antibodies as above 
and after the cells were rinsed they were incubated with anti-mouse 
IgG conjugated with FITC, rinsed, and mounted [49J. In protocol 3, 
the fixed and permeabilized hepatocytes were incubated with anti-£. 



integrin IgG (40 ^g/ml) and with control IgG at 37°C for 45 min. The 
coverslips were rinsed in PBS-BSA, incubated with anti -rabbit IgG 
conjugated with FITC at 37°C for 30 miri, rinsed in PBS-BSA, and 
mounted. In protocol 4, fixed and permeabilized hepatocytes were in- 
cubated with 3A3 (5-10 (ig/ml) at 37°C for 30 min. The coverslips 
were rinsed in PBS-BSA, incubated with rabbit anti-mouse IgG, 
rinsed in PBS-BSA, incubated with anti-rabbit IgG conjugated with 
FITC at 37 C C for 30 min, rinsed, and mounted. 


RESULTS 

Isolation of Hepatocyte Integrin Receptors by EDTA 
Elution from Collagen Type I-Sepharose 

Isolated rat hepatocytes were solubilized by 1% TX- 
100 in the presence of 1 mM MnCl 2 . Solubilized pro- 
teins were sequentially purified on lentil lectin-Sepha- 
rose and collagen type I-Sepharose at low ionic 
strength. Elution from the latter column with 10 mM 
EDTA yielded two major proteins with M r 's under 
nonreducing conditions of 115,000 and 180,000 as ana- 
lyzed by SDS-polyacrylamide gel electrophoresis 


M r x 10 " 3 


NR 


er-" 


■ ■** « 


220 


-'■Si. ■'»•*" 


116 


97 — 



66 — 


FIG. 4. Analysis of fibroblast integrins with affinity for fibronec- 
tin. Surface-iodinated rat heart fibroblast membrane proteins were 
purified on a column of fibronectin fragment-Sepharose and eluted 
with 10 mM EDTA as described under Materials and Methods. 
Eluted proteins were electrophoresed on a 5-10% SDS gel under 
nonreduced (NR; lane a) and reduced (R; lane b) conditions followed 
by autoradiography. 
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FIG. 5. Reactivity of the 3A3 Mab with a collagen-binding inte- 
srin of hepatocytes and fibroblasts. Surface-iodinated fibroblast inte- 
grins with affinity fox collagen, and collagen -binding hepatocyte inte- 
grins that had been iodinated after affinity purification, were sub- 
jected to immunoprecipitation with the 3A3 monoclonal antibody. 
The collagen-binding integrtns from fibroblasts were precipitated 
with anti-,6Vintegrin IgG (lane a) and 3 A3 IgG {lane b). Collagen - 
binding integrins from hepatocytes were immunoprecipitated with 
the rabbit polyclonal, anti-180-kDa IgG (lane c) and 3 A3 IgG (lane d). 
The precipitated proteins were separated on a 5-1 (1% SDS polyacryl- 
amide gel under nonreducing conditions followed by autoradiog- 
raphy. 


(SDS-PAGE) (Fig. 1, lane a). After reduction the eluted 
proteins migrated as three major bands, with M r 's 
130,000, 180,000, and 185,000 (Fig. 1, lane b). Analysis 
by immunoblotting using anti -/^-integrin IgG revealed 
the 115,000 protein to be a /5 r integrin (Fig. 1, lane c). 
Partial proteolytic digestion and analysis of the proteo- 
lysis products by SDS-PAGE showed that the two high 
M T bands, present after reduction of the hepatocyte- 
derived proteins, yielded very similar peptide maps 
(Fig. 2). 

Isolation of Fibroblast Integrin Receptors by EDTA 
Elution from Collagen Type I-Sepharose 

Surface-iodinated rat cardiac fibroblasts were solubi- 
lized by 1% TX-100 on the culture plate in a buffer con- 
taining 1 mM MnCl 2 and the detergent-solubilized pro- 
teins were subsequently applied to columns of collagen 
type I-Sepharose or fibronectin fragment-Sepharose, 
respectively. Specific elution was achieved with 10 mM 
EDTA. The eluted proteins were analyzed by SDS- 
PAGE under reducing and nonreducing conditions 
(Figs. 3 .and 4). Three major radioactive bands were 
eluted from the collagen type I-Sepharose with EDTA. 
The fastest migrating band of these appears to corre- 
spond in molecular weight to the integrin /Vchain (M T 's 
115,000 and 130,000 under nonreducing and reducing 


conditions, respectively). The middle band (M r 145,000 
nonreduced, tentatively designated a 2 ) and the ut>pe r 
band have the characteristics of integrin a-chains, *;ug_ 
gesting that elution from collagen-Sepharose yielded a 
mixture of two integrin heterodimers (Fig. 3). When the 
proteins eluted from collagen-Sepharose by EDTA 
were immunoprecipitated with the anti-/5 2 -integrin IgG, 
only the larger (M r 180,000 nonreduced, designated Kl ) 
of the two putative a-chains was immunoprecipitated in 
association with the ft -integrin band (data not shown). 
When, however, EDTA was removed by gel filtration 
prior to immunoprecipitation, all three protein bands 
were precipitated (Fig. 3, lanes c and d), confirming that 
the eluted proteins were a mixture of two j8 t -integrins." 
The material eluted from fibronectin fragment-Sepha- 
rose showed, in addition to a protein corresponding in 
molecular weight and behavior after reduction to the 
integrin ft-chain, potential integrin a-chains with M T 's 
of 130,000 and 145,000, respectively. The potential a- 
chains eluted from the fibronectin fragment-Sepharose 
appeared to migrate with lower M r 's after reduction 
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FIG. 6. Analysis of aid) CBS-binding integrins from hepato^to^ 
cytes. Hepatocyte proteins, purified on CB3-Sepharose and eluteo^iii^ 
with 10 mM EDTA as described under Materials and Methods, wer |^;S3p. 
electrophoresed on 5-10% SDS-polyacryl amide gels under nonre;.^||f^| 
ducing (NR; lane a) conditions and visualized by silver staining. 
corresponding sample was electrophoresed under the same c° nC %%^^^ 
tions and immunoblotted with anti-^.-integrin IgG followed by aut S^|#^: 
radiography (lane b). Arrowheads denote positions of stained banof^gfi^^ 
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TTG. 7. Analysis of crl(I) CB3 binding on integrins from fibro- 
blasts. Surface -iodin ate d rat heart fibroblast proteins were purified 
on CB3-Sepharose, eluted with 10 mM EDTA as described under 
Materials and Methods, and electrophoresed on a 5-10% SDS-poly- 
acrylamide gel under nonreducing {lane a) or reducing (lane b) condi- 
tions followed by autoradiography. The eluted proteins were passed 
over a G-25 Sephadex column equilibrated in 0.1% TX-100, 1 mM 
MnCl 2J 0.15 M NaCl, 10 mM Tris-HCl, pH 7.4, and subjected to 
ininiunoprecipitation with anti-/^ -integrin IgG. The specifically pre- 
cipitated proteins were separated on a 5-10% SDS-polyacrylaraide 
gel under nonreduced conditions followed by autoradiography (lane 
c). Arrowheads in lane c show positions of weak bands that were seen 
on original autoradiogram after prolonged exposure. 


(Fig. 4), a characteristic of a-chains of the human fibro- 
nectin integrin receptors, VLA-3 and VLA-5 [2, 5], and 
different from what was observed for the putative en- 
chains eluted from the coliagen-Sepharose (Fig. 3). 

Nature of the Isolated Integrin a-Chains 

A recently described monoclonal antibody, desig- 
nated 3A3, precipitates an integrin heterodimer (ap- 
proximate M/s 185,000 and 125,000) from rat 
pheochromocytoma (PC12) cells [44] . The 3A3 monoclo- 
nal antibody can be used to identify, or inhibit the func- 
tion of, rat a^-integrins homologous to the human 
VLA-1 [45]. 

Rabbit polyclonal antibodies were raised against the 
M T 180,000 protein purified from rat hepatocytes. 
These antibodies specifically immunoprecipitated the 
.180,000/115,000 complex both from surface-iodinated 
hepatocytes and fibroblasts (data not shown). Integrin 
heterodimers, isolated from surface-iodinated cardiac fi- 
broblasts by EDTA elution after affinity chromatogra- 
phy on collagen type I-Sepharose, were immunopre- 
cipitated with either anti-^ r integrin IgG or 3A3 IgG 


(Fig. 5). The 3A3 antibody, specific for the rat c^-chain 
of the p l -integrin subfamily, precipitated two labeled 
proteins, with M/s (nonreduced) of 115,000 and 180,000 
(Fig. 5, lane b). The anti-^-integrin IgG precipitated 
three bands, with M/s (nonreduced) of 115,000, 145,000, 
and 180,000 (Fig. 5, lane a). In a similar experiment with 
hepatocyte-derived proteins iodinated after affinity 
chromatography, the polyclonal anti-180-kDa IgG pre- 
cipitated a single (M r 180,000/115,000) heterodimer 
(Fig. 5, lane c), while the 3A3 IgG precipitated only one 
major- radioactive band, with an Af T of 180,000 (Fig. 5, 
lane d). The reason for the low yield of £-chain after 
immunoprecipitation reflects the lower amount of this 
chain present in the starting material used for iodin- 
ation. These results confirm that the M T 180,000 en- 
chains of both hepatocytes and fibroblasts are very simi- 
lar and also establish that they are c^-chains, i.e., rat 
homologs of the c^-chain found in human VLA-1. 

RGD Independency of the Binding to Collagen 

We have previously described the binding of hepato- 
cytes to the RGD-lacking CB3 a\{\) fragment of colla- 
gen type I [15, 28]. When hepatocyte cell extracts were 
purified by affinity chromatography on columns with 
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FIG. 8. Effects on cell attachment of the 3A3 monoclonal anti- 
body. Hepatocytes (A and B) or rat cardiac fibroblasts (C) were 
seeded in 96-welI microelisa plates coated with collagen type I (open 
symbols) or fibroneccin (closed symbols) in the presence of indicated 
amounts of anti-^, -integrin. IgG (A) or 3 A3 IgG (B and C). Plates were 
incubated for 45 min at 37°C and nonadherent cells were then washed 
off. Attachment is expressed as a percentage, with 100% cell attach- 
ment set as the attachment obtained without any IgG present. Verti- 
cal bars indicate the range of duplicate incubations. 
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FIG. 9. Distribution of the rai VLA-1 horaolog in focal contacts 
as revealed by RIM and immunofiuorescent staining for the a-chaLn 
of the rat VLA-1 homolog. Neonatal cardiac fibroblasts were grown 
on thin native collagen films and focal contacts were visualized by 
RIM (A). Following fixation and permeabilization subsequent immu- 
nofluorescence staining according to protocol 2 described under Mate- 
rials and Methods showed the distribution of the rat VLA-1 homolog 
(B). Bar in panel B represents 10 jim. 


CBS al(l) coupled to Sepharose, EDTA eluted the same 
proteins as those from collagen type T columns accord- 
ing to SDS-PAGE analysis (Fig. 6), but with substan- 
tially lower yields. Two major protein bands with MJs 
180,000 and 115,000 (nonreduced) were evident in the 
silver-stained gels (Fig. 6. lane a); the lower of these was 
shown by immunoblotting to be the rat tf^integrin chain 
(Fig. 6, lane b). When membrane proteins from surface- 
iodinated fibroblasts were similarly subjected to affinity 
chromatography on CB3-Sepharose, only very low 
amounts of radioactivity were eluted. After prolonged 
exposure of the autoradiogram three bands with M T 's of 
115,000 145,000, and 130,000 became visible (Fig. 7. lane 
c). When the eluted fibroblast proteins were reduced 
prior to electrophoresis the M T 145,000 and 1S0,000 pro- • 
teins showed the same characteristic increase in appar- 


ent M T as that observed for the proteins eluted from 
collagen type I-Sepharose (Fig. 7, lane b). Immunopre- 
cipitation with anti-jSj -integrin IgG after change to an 
EDTA-free buffer confirmed the integrin nature of 
these eluted proteins (Fig. 7, lane c). 

Attempts to specifically elute membrane proteins 
from collagen-Sepharose with peptides containing the 
RGD sequence were unsuccessful. Both RGDT and 
RGES eluted comparable levels of proteins. RGDT pep- 
tides, however, did specifically elute the j^-inte- 
grin chain in association with an M r 145,000 putative 
a-chain from fibronectin fragment-Sepharose (data not > 
shown). 

Function of the Rat VLA-1 Homolog in 

Collagen Adhesion : - 

The 3A3 monoclonal antibody effectively inhibited ; 
the adhesion of both rat primary 7 hepatocytes and car- £ 
diac fibroblasts to collagen type I-coated plastic sur- 
faces (Figs. 8B and C). The efficiency of this inhibition ft 
of cell adhesion differed, however, for the two types off 
cells. The adhesion of hepatocytes to collagen type 1-4! 
coated surfaces was completely inhibited, whereas theS§ 
adhesion of fibroblasts to the same substrate could not?:! 
be inhibited to more than around 40% (Figs. 8B and C):;^f 
The adhesion of both cell types to fibronectin -coated^t 
surfaces was not affected by concentrations more tharui? 
10 times the inhibitory concentration on collagen typeK 
I-coated surfaces of the 3A3 antibody (Figs. 8B and C)j§i 
The 3A3 antibody also inhibited the adhesion of cells tpW 
laminin -coated substrates in a manner similar to that'll 
observed for collagen type I-coated substrates; i.e., ifj|| 
completely inhibited the adhesion of hepatocytes butp 
only partly the adhesion of fibroblasts to surfaces||| 
coated with this protein (data not shown). 

Distribution of the Rat Homolog to VLA-1 in Cultured ^ 
Cardiac Fibroblasts and Hepatocytes 

The detection of focal adhesions by RIM, and immu-|g 
nofTuorescence staining with the 3A3 monoclonal anti-p? 
body on individual cells, revealed that the rat homology 
to VLA-1 was present in focal adhesions on cardiac fi^p> 
broblasts grown on native collagen films (Figs. 9A andgj 
B). This distribution of the o^-chain in focal adhesionsT|* 
on cardiac fibroblasts was not observed when the cellsjg 
were grown on fibronectin (Fig. 10D). When stainedg^ 
with a rabbit polyclonal anti-/3 2 -integrin IgG the cardiai^p 
fibroblasts exhibited focal adhesion-like staining pa^Jpv 
terns irrespective of the type of substrate on which thegjL 
cells were grown (Figs. 10A and C). A similar reiationj|-; 
between immunofluorescence staining patterns witting 
the 3A3 monoclonal antibody was observed for hepatoggc 
cytes that had been allowed to spread. Thus, when h^|i 
patocytes were cultivated on native collagen filros a^feS 
stained by the 3A3 monoclonal antibody, a discrete b u Jf|£ 
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FIG, lO. Distribution of the rat £ r integrin chain and the « r chain of the rat VLA-1 homolog in fibroblasts grown on collagen- and 
fibronectin -coated substrates. Neonatal rat cardiac fibroblasts were grown on coverslips coated with a thin film of native collagen (A and B) or 
with fibronectin (C and D). Cells were fixed, permeabilized, and subjected to immunofluorescence staining with anri-^-integrin IgG (A and C) 
or with 3A3 IgG (B and D). Staining was performed according to protocol 1 described under Materials and Methods. Magnification X315. 


weak patchy immunofluorescent staining, localized to 
the cell margins, was observed (Fig. 11B). The latter 
staining pattern was not observed when the cells had 
been cultivated on flbronectin-coated dishes (Fig. 11D). 
The rabbit polyclonal anti-^- integrin IgG stained he- 
patocytes cultivated on collagen or fibronectin mainly 
in a diffuse pattern at the central parts of the cells, as 
well as in a discrete patchy pattern at the cell circumfer- 
ences (Figs. HA and C). The latter pattern was qualita- 
tively similar to the staining pattern observed for the 
3A3 monoclonal antibody on hepatocytes grown on na- 
tive collagen films (Figs. 11A and B). 

DISCUSSION 

In this report we have studied collagen-binding inte- 
grin heterodimers, isolated by affinity chromatography 
on collagen type I-Sepharose in the presence of Mn 2i 
and elution of bound proteins with EDTA [cf. 11, 50]. A 
single collagen-binding jSj -integrin with an M r 180,000 


<*-chain was isolated from primary rat hepatocytes. By 
contrast, two species of collagen -binding ^-integrins 
with a-chains having M/s of 180,000 and 145,000, re- 
spectively, were isolated from primary rat cardiac fibro- 
blasts. These rat collagen-binding integrins share bio- 
chemical characteristics with the human VLA-1 and 
VLA-2 integrin heterodimers, respectively, both of 
which are known to bind collagen [14, 44, 51]. 

The identity of the M T 180,000 a-chain was investi- 
gated further using a monoclonal antibody, designated 
3A3, that specifically recognizes the M t 185,000 a-chain 
of a rat /5 r integrin isolated from rat pheochromocytoma 
(PC12) cells [44]. A partial N -terminal sequence for the 
a-chain of the rat pheochromocytoma integrin recog- 
nized by the 3A3 antibody is identical at 11 of 13 posi- 
tions with that for the a } -chain found in the human 
integrin designated VLA-1 [45]. The finding that the rat 
hepatocyte and cardiac fibroblast M T 180,000 a-chains 
were immunoprecipitated by 3A3 IgG strongly suggests 
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>n of the rat ^i-inte^rin chain and the a,-chain of the rat VLA-1 hontolog in hepatocytes grown on collagen- aiM^^^g 
rates. Adult rat hepatocytes were grown on coverslips coated with a thin film of native collagen (A and B) or vvitfi|£:g |^ 
ells were fixed, permeabilized, and subjected to immunofluorescence staining with anti-C^ -integrin IgG (A and C) ti£| ggg 
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FIG. 11. Distributio 
fibronectin-coated substrate _ 

fibronectin (C and D). Cells were fixed, permeabilized, and subjected to immunofluorescence staining with anti-C^ -integrin IgG (A and C) c£ 
with 3A3 IgG (B and D). Staining was performed according to protocols 3 and 4 described under Materials and Methods. Arrows indicate 
positive staining at the circumference of the hepatocytes. Magnification X560. 
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that the rat M T 180,000 ft-integrin heterodimer is the 
rat homolog of the human VLA-1 integrin heterodimer. 
Upon reduction, the q., -chains of the hepatocyt.e colla- 
gen receptor migrate as a closely spaced doublet (Fig. 1). 
Because the two bands have very similar peptide maps 
(Fig. 2), this heterogeneity almost certainly reflects a 
splitting, due to partial proteolytic degradation or other 
partial post-translational modification, of a single a x - 
band. This feature was not seen with -chain's from 
surface-iodinated fibroblasts or PC12 cells [44], and 
thus is tissue- rather than species-specific. Its physiolog- 
ical relevance, if any, is unknown. 

The monoclonal 3A3 antibody, which inhibits the ad- 
hesion of rat pheochromocytoma (PC12) cells both to 
collagen type 1 and laminin [44]. completely inhibited 
the adhesion of rat hepatocytes to collagen. This finding 



is in good agreement with the biochemical evidence for§|^|.^ 
single hepatocyte integrin collagen receptor with an 
chain recognized by the 3A3 antibody. In contrast. th||*|^. 
3 A3 antibody only partly inhibited the adhesion of fibrq^}|:^ 
blasts to collagen. The latter finding, indicating the pr e |i r 'Ifig 
ence of an additional collagen receptor present cm tr|||;!||g 
fibroblasts, is likewise in concordance with the biochem^J | ||p 
ical evidence presented above. The 3 A3 antibody al^o.?5.g ggg 

specifically stained focal contacts formed ^ .^..^^ 

grown on collagen but not on fibronectin. A similar spei^^^^g 


ificitv for adhesive structures formed on collagen w r asjg.| 
observed for hepatocyte-substratum contacts. Thus, 


the basis of biochemical and functional data preGent^g^ ^ 
in the present study we suggest that, in the liver, ^Jlf^S^S 
VLA-1 heterodimer fulfills the role of anchoring the 
patocytes to collagens. 
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The ability of two collagen-binding integrins de- 4. 
scribed in this report to bind a:l(I) CB3, a fragment of 


•> ■It'- 


-4 a; 


•5 


3 ?v 


! A* 


coll&g en type I that lacks RGD sequences, as well as the 
inability of RGD -containing synthetic peptides to specif- 
ically ehite the VLA-1 homolog and the M r 145,000//?! 
integrin from collagen type I-Sepharose, corroborates 
our earlier functional studies demonstrating that the 
attachment to collagen of the two types of primary cells 
u sed in this study occurs via an RGD -in dependent mech- 
anism [15]. Other /^-integrins found to bind their li- 
gands RGD-independently include laminin receptors 
[10-12], a fibronectin receptor on T- lymphocytes [52], 
and collagen receptors on human melanoma cells [14]. 
Our data also show that the CB3 a 1(1) fragment con- 
tains cell binding sites for /^-integrins. A comparison of 
the integrins that bind the al(I) CBS fragment shows 
that from hepatocytes the VLA-1 homolog clearly 
binds, whereas from fibroblasts there is relatively more 
of theM r 145,000//Vintegrin that binds al (I) CB3 com- 
pared with the fibroblast VLA-1 homolog [cf. Figs. 6 and 
7]. It is possible that this reflects cell -type- specific dif- 
ferences in the affinity of these murine VLA-1 homologs 
for the al(I) CB3 fragment. This possibility is currently 
being investigated. 

Whereas rat hepatocytes appear to have a single col- 
lagen receptor (the VLA-1 homolog), fibroblasts have 
both the VLA-1 homolog and an integrin heterodimer 
that possess a putative a-chain with an M T of 145,000. 
Conceivable explanations for the presence of two recep- 
tors with affinity for the same ligand are that they bind 
to separate sites in the ligand and/or that they have 
separate functions. It is plausible that the M T 145,000 /ft 
rat cardiac fibroblast integrin, which shares character- 
istics with the human VLA-2 heterodimer, is involved in 
cell migration. In support of such a hypothesis is a re- 
cent report showing that WI-38 fibroblasts utilize VLA- 
2 for migration on collagen [53]. The apparent absence 
of the M T 145,000/ft collagen-binding heterodimer from 
the stationary hepatocytes would also support the con- 
cept of a migration -related function of this receptor. To 
delineate these possibilities a combination of functional 
integrin a-specific antibodies and different cyanogen 
bromide fragments of collagen can be used. 

The skillful technical assistance of Ms. Ann -Charlotte Thuresson 
is gratefully acknowledged. This study was supported by funds from 
the Swedish Cancer Foundation, the Swedish Medical Research 
Council, Konung Gustaf V:s 80 ars fond, the Anna Greta Crafoord 
Foundation, and the National Institutes of Health {HL-37669, HL- 
24935, NS-27409). 
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The integrin alpl is a cell surface receptor for colla- 
ge ns and laminin. The al subunit contains an A-domain, 
and the A-domain s of other integrins are known to me- 
diate ligand binding. To determine the role of the al 
A-domain in ligand binding and the extent to which it 
reproduced the ligand binding activity and specificity of 
the parent molecule, we produced recombinant al A-do- 
main and tested its ability to bind collagens and lami- 
nin. In solid phase assays, the A-domain from al was 
found to bind to collagen I, collagen IV, and laminin in a 
largely cation-dependent manner. The a2 A-domain, 
from the a2/U integrin, also bound to these ligands, but 
the binding hierarchy differed from that seen for al. 
This is the first demonstration of laminin binding by 
A-domains. Specificity of A- domain -ligand binding was 
further investigated using the triple-helical proteolytic 
fragment of collagen IV, CB3, and its subfragments, Fl 
and F4. al A-domain bound to all three fragments, while 
the c*2 A-domain bound CB3 less well and exhibited little 
binding to Fl and no binding to F4. These differences 
mirror previous reports of distinct integrin binding 
sites in collagen IV and for the first time identify a 
limited proteolytic fragment of a ligand that contains 
integrin A-domain binding activity. To gain insight into 
the contribution that the A-domain makes to ligand 
binding within the whole integrin heterodimer, we 
measured binding constants for A-domain-collagen in- 
teractions using surface plasmon resonance biosensor 
technology. The values obtained were similar to those 
reported for intact integrin binding, suggesting that the 
A-domain is the major collagen binding site in the al£fl 
and a:2/51 integrins. 


Integrins are a family of a/3 heterodimeric cell surface recep- 
tors, responsible for cell-cell and cell -extra cellular matrix in- 
teractions. The specificity and regulation of these interactions 
is critical to many biological processes, including embryonic cell 
migration, wound healing, and the immune response (1). The 
integrin family contains at least 16 a sublimits, seven of which 
contain an —200 amino acid inserted domain in their N-termi- 
nal region (I or A-domain) (2, 3). This domain is homologous to 
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the von Willebrand factor A-domain, a module also found in a 
number of other membrane, plasma, and matrix proteins (2, 4). 

Mapping studies that have localized the epitopes of anti- 
functional monoclonal antibodies to the A-domains of the al, 
a2, aL, aM, and aX integrins initially suggested a role for 
A-domains in ligand binding (5—10). More recently, it has also 
been demonstrated that isolated recombinant A-domains from 
a2, aL, and aM are capable of binding ligands (11—15). 

The integrin a 1/31 is a receptor for collagen I, collagen IV, 
and laminin (16). These interactions, like all integrin-ligand 
binding events, are cation-dependent and require Mg 2+ or 
Mn 2+ ; Ca 2+ , however, does not support binding (17). A similar 
pattern of ligand binding is found for the closely related inte- 
grin a2jSl, which also interacts with collagen I, collagen IV, and 
laminin (16). a 1/31 and a2j31 have, however, been shown to 
differ in their relative affinities for ligands, with a 1/31 binding 
collagen IV and laminin with higher affinity (18). Integrins 
a 1)31 and a2/31 also bind to a proteolytic fragment of collagen 
IV, CB3 (19), but are believed to have distinct binding sites 
within this fragment (18). 

To investigate the role of the al A-domain in ligand bmding, 
we have generated recombinant A-domain in a bacterial ex- 
pression system and tested its binding to a range of integrin 
ligands. The specificity of A-domain ligand binding has also 
been examined by comparing recombinant al, a2, and aM 
integrin A-domains. We find that integrin al A-domain binds 
to collagen I, collagen IV, and laminin in a saturable, concen- 
tration-dependent manner and that the binding can be inhib- 
ited by an anti-functional anti-al monoclonal antibody (mAb). 1 
a2 A-domain also binds these ligands, while aM A-domain does 
not. The aM A-domain does, however, bind to fibrinogen, while 
the al and a2 A-domains do not. This binding is largely cation - 
dependent, and real time binding studies using surface plas- 
mon resonance (SPR) analysis suggests that cation, A-domain, 
and ligand may form a ternary complex. By using proteolytic 
fragments of collagen IV, the ligand specificity of the closely 
related al and a2 A-domains has been compared. The results 
indicate that recombinant A-domains retain the specificity re- 
ported for intact receptors. 

EXPERIMENTAL PROCEDURES 

Materials — Oligonucleotides were synthesized on an Applied Biosys- 
tems 391 DNA synthesizer. Antibodies were obtained from the follow- 
ing sources: monoclonal mouse anti-human integrin al, 5E8D9 (Up- 
state Biotechnology Inc., New York); monoclonal mouse anti-human 


1 The abbreviations used are: mAb, monoclonal antibody; RT-PCR, 
reverse transcriptase-polymerase chain reaction; GST, glutathione S- 
transferase; TBS, tris-buffered saline; ELISA, enzyme-linked immu- 
nosorbent assay; BSA, bovine serum albumin; PAGE, polyacrylamide 
gel electrophoresis; SPR, surface plasmon resonance; ABTS, 2'2'-azino- 
bis(3-ethylbenzthiazoline-6-sulfonic acid). 
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integrin a2, Gi9 (The Binding Site,. Birmingham, United Kingdom.) and 
16B4 (previously reported as 1C11) raised as described by Mould et. al. 
(20); monoclonal mouse anti-human integrin aM, 44 (Autogen Bioclear, 
Devizes, UK); anti-glutathione S-transferase (GST) rabbit polyclonal 
antibody (Autogen Bioclear). Rat tail tendon type I collagen, human 
placental type IV collagen, and human fibrinogen were obtained from 
Sigma, Poole, Dorset, UK. Rat laminin was obtained from Life Tech- 
nologies Ltd., Paisley, UK. The collagen IV fragments CB3, Fl, and F4 
were produced as described previously (IS, 19). 

Production of Recombinant Integrin A -domains — The production of 
recombinant a2 A-domain has already been described (12). The al and 
aM A-domains were produced in a similar manner. DNA coding for the 
A-domains from in te grins al and aM was produced by reverse tran- 
scriptase-polymerase chain reaction (RT-PCR). Total RNA prepared 
from the A375 human melanoma cell line (for otl) or human buffy coat 
lymphocytes (for aM) was a gift of L. J. Green (University of Manches- 
ter, UK). First strand cDNA was generated using a 3 ' primer spanning 
the predicted end of the integrin A-domains and incorporating a Sail 
site (al, 5'-TTTGTCGACTCAGGCTTCCAGG GCAAATATTCTTTCTC- 
C-3'; aM, 5 '-TTTGTCGACTCAACC CTCGATCGCAAAGATCTTCTCC- 
CG-3'). Polymerase chain reaction (PCR) amplification of this cDNA 
was then carried out using the thermostable proof-reading DNA polym- 
erase Pfu (Stratagene Ltd., Cambridge, UK) with the above 3' primer 
and a 5' primer designed to produce DNA coding for 17 amino acids 
preceding the predicted start of the integrin A-domain (21) and includ- 
ing aBamHI site (al, 5'-TTTGGATCCGTCAGCCCCACATTTCAAGT- 
CGTGAATTCC-3'; aM, 5'-TTTGGATCCAACCTACGGCAGCAGCCCC- 
AG-3'). 50 cycles, each consisting of 1 min at 94 °C, 1 min at 55 °C, and 
2.5 min at 72 °C, were carried out. PCR products, of the correct M T> were 
then excised from a 1% agarose gel. After digestion with BamTQ and 
Sail, the products were ligated into pUC119 and used to transform 
Escherichia coli strain DHSaF'. A-domain sequences from transfor- 
mants were sequenced by the dideoxy chain termination method of 
Sanger (22) and compared with the published sequences (al and aM, 
see Refs. 23 and 24, respectively). The sequenced DNA was then sub- 
cloned into the expression vector pGEX-4T3 (25) (Pharmacia, Milton 
Keynes, UK). Transform ants were screened, and protein was produced 
as described for a2 (12) except that dithiothreitol was not required for 
GST removal from al and aM A-domains. For experiments using fusion 
protein, a single glutathione affinity step was performed and thrombin 
digestion was not carried out. The recombinant A-domains produced 
were 214 (al), 224 (a2), and 211 (aM) amino acids long. N-terminal 
amino acid sequencing of thrombin-cleaved al and aM A-domains con- 
firmed the predicted starting sequence. 

Biotinylation of Proteins — A-domain-GST fusion proteins, collagen I, 
and fibrinogen were biotinylated as follows. Protein was diluted to 1 
mg/ml in 150 mw NaCl, 10 mil Tris-HCl, pH 7.5 (TBS), and dry sulfo- 
A^hydroxysuccmimido-biotin (Pierce, Chester, UK) was added to give a 
ratio of 1:1 (w/w) protein:biotin. The mixture was incubated for 1 h at 
room temperature and then dialyzed against TBS (or 0.1 M acetic acid 
for collagen I) to remove unincorporated biotin. 

Ligand Binding Assays — Binding of soluble ligand to immobilized 
A-domain was measured using assays adapted from Tuckwell et al. (12). 
A-domain fusion proteins (10 /ig/ml in PBS without divalent cations, 
PBS-) were coated to 96-well microtitre plates (Immulon 4, Dynatech, 
Billingshurst, UK) overnight at 4 °C. Wells were then blocked with 50 
mg/ml BSA in TBS for 1 h at room temperature and, washed twice with 
TBS, and biotinylated ligand in TBS, 1 mg/ml BSA, plus cation, was 
added for 3 h at 37 °C. Plates were washed three times with TBS, 1 mil 
MnCl 2 , and ExtrAvidin peroxidase (Sigma; 10 M-g/ml in TBS, 1 mM 
MnCl 2 ) was added for 15 min. After washing three times with TBS, 1 
mM MnCl 2 , bound ligand was visualized with 0.1m sodium acetate, 0.05 
m NaH 2 P0 4 , 2 mM 2'2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) 
(ABTS), 0.03% H 2 0 2 . Wells were read at 405 nm on a plate reader. 

A-domain Binding Assays — Assays measuring binding of soluble A- 
domains to immobilized ligand were carried out essentially as above, 
but plates were coated with ligand (usualty at 30 ^g/ml) instead of 
fusion protein and binding of biotinylated A-domain fusion protein was 
measured. For antibody detection of unbiotinylated A-domain fusion 
protein binding to ligand, the assay was performed as above up to the 
streptavidin step where 5 /Ag/ml anti-GST antibody in TBS, 1 mg/ml 
BSA, 1 mM MnCl 2 was added for 1 h instead. Wells were washed three 
times with TBS, 1 mM MnCl 2 , and. 1:500 peroxidase-linked goat anti- 
rabbit antibody (Sigma) in TBS, 1 mg/ml BSA, 1 mM MnCl 2 was added 
for 45 min. Wells were washed three times with TBS, 1 mM MnCl 2l and 
binding was detected with ABTS as above. 

Surface Plasmon Resonance — The kinetic parameters (apparent as- 
sociation and dissociation rate constants k a and k d , respectively) and 


the apparent equilibrium constant (K D ) for A-domain binding to colla- 
gen I and TV were measured using SPR on a BIAcore™ (Biacore, St. 
Albans, UK). This biosensor device was used in accordance with the 
manufacturer instructions. Briefly, collagen I or TV was covalently 
coupled via primary amine groups to the dextran matrix of a CMS 
sensor chip. A-domain solution was flowed over the chip at 5 ^tl/min, 
and binding was measured as a function of time. TBS, 1 mM MnCl 2 was 
used as running buffer throughout, and injections of TBS, 10 mM EDTA 
were used to remove bound A-domain, regenerating the surface for 
further binding experiments. The curve fitting software, BlAevalua- 
tion, was used to fit these results to the simple first order interaction 
model A + B o AB. This produced values for k a and h dJ allowing the 
apparent equilibrium constant K D to be derived from kjk a . To measure 
binding in the presence of divalent cations other than Mn 2+ , a 10-min 
injection of TBS, 10 mM EDTA was passed over the chip (to remove any 
residual Mn 2+ ) immediately prior to injection of A-domain in the spec- 
ified cation. 

RESULTS 

Generation of Integrin ctl and aM A-domain cDNA — The 
reverse transcriptase -polymerase chain reaction was used to 
generate integrin al A-domain cDNA from A375 human mel- 
anoma cell line RNA and integrin aM A-domain cDNA from 
human buffy coat lymphocyte RNA. After cloning into pUCll9, 
sequencing revealed that the aM A-domain cDNA matched the 
published sequence (24). Sequencing of al A-domain cDNA 
revealed three differences from the published sequence (23): 1) 
an inserted Thr at position 502; 2) a deleted Ala at position 511, 
which put the sequence back in frame after the earlier inser- 
tion, and 3) a Cys to Thr mutation at position 674. These 
differences result in two changes in the predicted amino acid 
sequence of the protein, a lysine to glutamate at position 170 
and a threonine to isoleucine at 228, numbered from the start 
of the mature polypeptide. Repeating the RT-PCR using two 
different A375 RNA samples produced the same sequence, and 
RT-PCR using human smooth muscle RNA also gave the same 
sequence. As all PCR reactions used a proof-reading DNA po- 
lymerase and produced the same sequence from different RNA 
samples, we believe that it represents an accurate human al 
integrin sequence. 

Expression of Integrin al and aM A-domains in E. coli — 
Integrin A-domain cDNAs were cloned into the pGEX-2T3 ex- 
pression vector and used to transform E. coli. After induction, 
transformants expressed GST-A-domain fusion proteins of —50 
kDa as reported for the a2 A-domain (12). Fusion proteins were 
purified on glutathione- agarose columns and were either used 
direct^ or cleaved with thrombin and passed through a second 
glutathione- agarose column to produce purified 25 kDa A-do- 
main. N-terminal sequencing of purified A-domains showed 
that cleavage had occurred at the expected site. SDS-PAGE 
showed the recombinant protein was at least 90% pure (data 
not shown). 

All A-domains reacted specifically with previously character- 
ized mAbs: the a2 A-domain bound a number of anti-a2 inte- 
grin mAbs, including Gi9, an anti-fan ctional mAb. The al 
A-domain was recognized by the an ti -functional anti-al inte- 
grin mAb 5E8D9 in ELISA, and aM A-domain bound the anti- 
functional anti-aM mAb 44 (data not shown). 

Collagen I Binds to al and a2 A-domains but Not to aM 
A-domain — The integrin s a 1/31 and a 2/31 are reported to be 
collagen receptors, while integrin aM/32 binds non-collagenous 
ligands. To investigate the role of A-domains in binding colla- 
gen, the binding of biotinylated collagen I to A-domain fusion 
proteins was measured. Fig. 1 shows that the A-domain fusion 
proteins from al and a2 integrins support dose-dependent, 
saturable binding of collagen I, while the aM A-domain exhibits 
very little binding. Collagen I shows a higher maximal binding 
to the al A-domain than to the a2 A-domain. The observed 
differences in binding were not due to different coating efficien- 
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Collagen I cone, (ug/ml) 

Fig. 1. Collagen I binding to immobilized A-domains in ligand 
binding assays. Binding to al A-domain fusion protein (•), a2 A-do- 
main fusion protein (T) f aM A-domain fusion protein (■), and BSA only 
(O) in 1 mM MnCl 2 was measured. Data are mean ± S.E. and n > 9 from 
three experiments normalized for 30 ju-g/ml collagen binding to al 
A-domain. 



0 2 4 6 8 10 


Fibrinogen cone, (ag/rnl) 

Fig. 2. Fibrinogen binding to immobilized A-domains in li- 
gand binding assays. Binding to al A-domain fusion protein (•), a2 
A-domain fusion protein (T), aM A-domain fusion protein (■), GST (A), 
and BSA (O) in 1 mM MnCl 2 and to aM A-domain in 5 mM EDTA (□) was 
measured. Data are mean ± S.E. and n > 12 from five experiments 
normalized for 10 fjug/ml fibrinogen binding to aM A-domain. 

cies of the GST-fusion proteins as the coating concentration 
chosen (10 jig/ml) gave very similar, almost maximal, coating of 
all three fusion proteins to the plate as measured by anti-GST 
antibody in ELISA (data not shown). The differences between 
al and cc2 A-domains may instead reflect differences in the 
amount of correctly folded A-domain in the different samples 
rather than a difference in the number of binding sites per 
A-domain. Binding of collagen I was dependent on the confor- 
mation of the triple helix, as heat denaturation of the collagen 
I at 50 °C for 30 min inhibited its binding to al and cc2 A-do- 
mains (data not shown). 

Fibrinogen Binds the aM A-domain Specifically in a Cation- 
dependent Manner — To confirm the specificity of the A-do- 
mains for their ligands, we investigated binding of the known 
aM/32 ligand fibrinogen to all three A-domains. ' Biotinylated 
fibrinogen bound to the aM A-domain in the presence of 1 mM 
Md 2+ but did not bind to al or a2 A-domains, above the GST 
control (Fig. 2). Interestingly the binding to GST was higher 
than to BSA. Fibrinogen binding to aM A-domain was reduced 
to GST levels by 5 mM EDTA indicating that the binding was 
cation-dependent. The binding of biotinylated fibrinogen to aM 
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Fig. 3. The effect of cations on collagen I binding to immobi- 
lized al (A) and <x2 (B) A-domain fusion protein was measured in 
the presence of 1 mM MnCl 2 (•), 1 mM MgCl 2 (■), 1 mM CaCL, (T), 
and 5 mM EDTA (A). Binding to GST (□) and BSA (O) was measured 
in 1 mM Mn CI 2 . Data are mean ± S.E. and n > 9 from three experiments 
normalized for 10 ju-g/ml collagen binding to A-domain in the presence of 
1 mM MnCl 2 . 

A-domain was also reduced to the levels of the GST control by 
the anti-functional anti-aM mAb 44 (data not shown). 

Cation-dependence of Collagen I Binding to A-domains — 
Having shown that the aM A-domain interaction with fibrino- 
gen required divalent cations, we investigated the effect of 
different divalent cations on biotinylated collagen I binding to 
al and ct.2 A-domains. Fig. SA shows that collagen binding to oil 
A-domain was completely inhibited by EDTA and, therefore, 
requires divalent cations. However, the nature of the divalent 
cation had little effect as Ca 2+ , Mg 2-1 ", and Mn 24 * all supported 
similar levels of binding. Of the three cations, Mn 2 " 1 " supported 
the highest levels of binding. This cation profile does not match 
that reported for the whole integrin, where Mg 2 * was required 
for ligand binding and Ca 2+ did not support binding (17). 
Collagen binding to a2 A-domain was inhibited by EDTA (Fig. 
3B); however, in this case Ca 2+ supported only very little 
binding, and Mg 24 and Mn 2+ produced identical levels of col- 
lagen binding. This is in agreement with previously published 
data (12). Thus, while the A-domains from integrins al and a2 
both bind collagen I, they differ in their cation specificities. 

The binding of soluble A-domain to immobilized collagen was 
also investigated. This was carried out using biotinylated A- 
domain fusion proteins or by antibody detection of the GST 
moiety on the A-domain fusion protein. Both methods demon- 
strated concentration-dependent saturable binding of al A-do- 
main to collagen I; however, EDTA only partially inhibited this 
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Fig. 4. al A-domain binding to immobilized collagen I. A, mi- 
cro titre plates were coated with substrate at 30 /xg/ml and blocked with 
BSA, and GST- A-domain fusion protein was added. After incubating for 
3 h at 37 °C, unbound fusion protein was washed off. Binding was 
detected using anti-GST antibody, a peroxidase-conjugated goat anti- 
rabbit IgG secondary antibody, and ABTS. Binding of al A-domain 
fusion protein to collagen I in 1 mM MnCl 2 (•) and 5 mM EDTA (■) and 
to BSA in 1 mM MnCl 2 (O). Shown are the binding of GST in 1 mM 
MnCl 2 to collagen I (A.) and BSA (▼). Data are mean ± S.E. and n > 9 
from four experiments normalized for 30 /xg/ml al A-domain binding to 
collagen I. B, alternatively biotinlyated A-domain fusion protein was 
used, and binding was detected using ExtrAvidin-peroxidase and 
ABTS. The effect of heat denaturation of collagen I (hdCI), or al 
A-domain (hd A-dom. ) by heating to 50 °C for 30 min, on ligand binding 
was investigated. Results are mean ± S.E. and n — 9 from three 
experiments. Background binding to BSA has been subtracted and 
results normalized for native al A-domain binding to native collagen I 
in the presence of 1 mM MnCl 2 . 

interaction (Fig. AA). Inhibition was similar in both biotinyla- 
tion and antibody detection assays, with slightly more inhibi- 
tion seen for the antibody detection assays (data not shown). In 
both assays, inhibition was maximal at lower A-domain protein 
concentrations. Similar results were obtained for ct2 A-domain 
binding to collagen I (data not shown). 

The discrepancy between cation-dependence of collagen 
binding to immobilized A-domain and A-domain bind in g to 
immobilized collagen is difficult to explain. The interaction 
appeared to be specific as, under these conditions, binding was 
still dependent on the triple-helical conformation of collagen 
and the native A-domain structure, as heat denaturation of 
either component strongly inhibited binding (Fig. 4B, and data 
not shown). 

To address the apparent discrepancies in solid phase assay 
results, the cation dependence of the A-do main -coll a gen inter- 
action was further investigated using SPR measurements on a 
BIAcore. Collagen I was covalently immobilized onto the sensor 
chip, and binding of A-domain was measured. These measure- 
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Fig. 5. Sensorgram of al A-domain fusion protein binding to 
collagen I immobilized on a BIAcore CMS sensor chip. The sen- 
sorgram is annotated to indicate different stages in the experiment. 
Running buffer was TBS, 1 mM MnCl 2 . B indicates that only running 
buffer was passing over the chip surface. Assoc shows binding to the 
chip during injection of 10 fig/ml al A-domain fusion protein. During 
the dissociation phase (Dis), only running buffer was again passing over 
the chip. Bound A-domain was removed during the regeneration phases 
(Reg 1 and Reg 2). This involved injection of TBS, 10 mM EDTA. 
Following the initial regeneration, most of the binding was removed, 
and further injections of EDTA did not remove the residual binding. 
The large change in response during regeneration is due to differences 
in the refractive index of the buffers. 


ments were performed for both al and a2 A-domain fusion 
proteins at a range of concentrations (3—100 ^t,g/ml). Fig. 5 
shows a typical sensorgram of al A-domain binding to collagen 
I in the presence of 1 mM Mn 2+ . Association and dissociation 
phases are marked and removal of bound A-domain with 10 mM 
EDTA is shown. EDTA injection removed 86 ± 2% of the bound 
al A-domain- (mean ± S.E.; n = 33) and 82 ± 8% of the bound 
a2 A-domain (mean ± S.E.; n — 10), indicating that the pres- 
ence of divalent cation is required for maintenance of the bound 
complex, not simply for A-domain-collagen binding. GST failed 
to bind collagen in these assays. Binding of fusion proteins in 
the presence of different cations was also investigated, and, as 
already seen for biotinylated collagen binding to A-domains, 1 
mM Mn 2_t ~, Mg 2 '*', and Ca 2+ all supported al A-domain binding 
while only Mn 2+ and Mg 2 ^ supported a2 A-domain binding. No 
bmding occurred without addition of divalent cations (data not 
shown). This supports the ligand -bin ding assay results that 
demonstrated a cation-dependent interaction. 

al A-domain Binds to Collagen IV and Laminin — In addition 
to collagen I, a 1/31 is also reported to bind collagen IV and 
laminin (16). The binding of collagen IV could not be studied 
using immobilized A-domains because collagen IV is a poor 
biotinylation substrate. 2 Antibody detection of al A-domain 
fusion protein binding to immobilized collagen I, collagen IV, 
and laminin showed that the al A-domain bound all these 
ligands in a concentration -dependent, saturable manner (Fig. 
6A). The al A-domain exhibited very similar levels of binding 
to collagen I and collagen IV, with larninin bound to a lesser 
extent. In addition, CB3, an integrin- binding proteolytic frag- 
ment of collagen IV, supported a similar level of binding to 
intact collagen IV although binding was less at lower A-domain 
concentrations. To test the specificity of the A-domain binding, 


D. A. Calderwood, unpublished observation. 
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Fig. 6. al A-domain binding to immobilized collagen IV and 
laminin. A, binding of al A-domain fusion protein to collagen I (•), 
collagen IV (A), laminin (■), CB3 (T), and BSA (O) was measured in 
antibody detection assays. Ligands were coated at 10 /tg/ml. Data are 
mean ± S.E. and n ^ 6 from four experiments normalized for 30 /xg/m] 
al A-domain binding to collagen I. B, A-domain binding assays were 
used to measure binding of biotinylated fusion protein (0.2 ^tg/ml) to 
immobilized ligands coated at 10 ixg/ml in the presence of 1 mM MnCl 2 , 
1 mM MnCl 2 with 10 fig/ml 5E8D9, 1 mM MnCl 2 with 10 /ig/ml 16B4, or 
5 mM EDTA. Data are mean ± S.E. and n > 9 from three experiments. 
Background binding to BSA has been subtracted from each column, and 
results are normalized for binding to collagen I in the presence of 1 mM 
MnCl 2 . CI, collagen I; CIV, collagen IV; Lam, laminin. 


we investigated cation dependence and antibody inhibition at 
low A-domain concentrations. Fig. 6jB shows that 0.2 /xg/ml of 
biotinylated al A-domain bound collagen I, collagen IV, lami- 
nin, and CB3 and that binding was inhibited by EDTA and the 
anti-al integrin mAb 5E8D9. 

Collagen IV and Laminin Are Ligands for the a2 A-domain — 
The integTin a2/31 is also a receptor for laminin and collagen 
IV, so we investigated the binding of a2 A-domain to these 
ligands and compared it with al A-domain. Fig. 7 shows that 
a2 A-domain bound to collagen IV and laminin; however, in 
this case, collagen I was a better ligand than collagen IV and 
laminin. Furthermore, CB3 supported much less binding than 
collagen IV, unlike the case with al. Thus, while al and a2 



Fusion protein cone. (M-g/ml) 

Fig. 7. A-domain binding to different ligands. Binding of a.2 
A-domain fusion protein in 1 mM MnCl 2 to collagen I (•), collagen IV 
(A), laminin (■), CB3 (T), and BSA CO) was measured in antibody 
detection assays. Ligands were coated at 10 /xg/ml. Data are mean ± 
S.E. and n a 6 from four experiments normalized for 30 ju.g/ml cl2 
A-domain binding to collagen I. 

A-domains bound the same range of ligands, comparison of 
Figs. 6A and 7 indicate that the relative binding to these 
ligands differed between the two A-domains. GST showed only 
background levels of binding to laminin, collagen I, and colla- 
gen IV (data not shown). 

al and a2 A-domain Binding to Collagen TV Fragments — 
Proteolytic fragments of collagen IV were used to further in- 
vestigate the differences between al and a2 A-domains and the 
integrin binding sites in collagen IV. As described above, both 
al and a2 A-domains bound to CB3, which is consistent with 
results obtained for whole integrins in solid phase binding 
assays and cell attachment assays (12, 18, 19). Further prote- 
olysis of this fragment produces four smaller fragments, Fl— 
F4, and investigation of integrin binding sites in these frag- 
ments demonstrated that both al/31 and a2/31 were able to bind 
to Fl but only al/31 bound to F4 (18). F4 lacks the N- and 
C-terminal regions present in CB3 and Fl, which are thought 
to contain the a2/31 recognition site. Antibody detection of 
fusion protein binding demonstrated that al A-domain bound 
both Fl and F4 in a concentration -dependent saturable man- 
ner, while a2 A-domain bound only poorly, if at all, to Fl and 
not at all to F4. This binding was inhibited by 5 mM EDTA (data 
not shown). 

Measurement of Apparent Binding Constants for A-domain 
Collagen Interactions — Binding of al and a2 A-domain fusion 
proteins to collagen I and IV was investigated on a BIAcore. 
BIAevaluation, the kinetic analysis curve-fitting software sup- 
plied with the BIAcore, was used to determine the k a and k d 
values. Prior to fitting the association and dissociation phases 
of the curve, the binding of A-domain to a blank sensor chip was 
measured and subtracted from the binding curve. Binding to 
the uncoated surface was negligible. Binding of a range' of 
fusion protein concentrations (3—100 pt,g/ml) to collagen I and 
IV-coated chips was measured. Covalent coupling of collagen I 
to the chip was much more efficient than for collagen IV, and 
consequently, signals obtained for binding to collagen I were 
higher than those to collagen IV. Binding of a2 A-domain to 
collagen IV could be detected using the BIAcore; however, 
signals were too low to allow accurate curve fitting. Values 
obtained are shown in Table I. The BIAevaluation software 
provides a number of statistical parameters to judge the fitting 
of the binding model to the experimental data. These indicated 
that a simple association model provided a good approximation 
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Table I 

Kinetic constants for al and a2 A-domain interaction with collagens 
The /:„ and k d values were generated using the ElAevaluation analysis program, on data recorded for a range of fusion protein concentrations 
(60-2000 xiM) binding to collagen-coated sensor chips. Binding and dissociation was performed in TBS, 1 mil MnCU. Results are mean ± S.E. ND, 
not determined;^ constants for a2 A-domain interaction with collagen IV could not be measured using SPR due to low levels of binding. K D values 
were calculated as hJh Q from SPR data or from curve fitting analysis of solid phase data, pooled from at least three independent experiments. 


A-domain 


Ligand 


h a (x 10 


h dis (X 10" 5 s" 1 ) 

K D (nw) 
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K D (mi), 
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8.2 ± 0.61 

24 ± 3.4 
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180 ± 25 
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54 ± 6 

ND 

ND 

ND 

115 ± 2 


al 
al 
a2 
a2 


Collagen I 
Collagen IV 
Collagen I 
Collagen IV 


4.1 ± 0.39 
12 + 1.3 
67 ± 0.85 
ND 


to the experimental data; however, residual plots, comparing 
the fitted data with experimental results, indicated that a more 
complex interaction may occur. That the kinetic constants pro- 
duced provide a good measure of the molecular interactions 
involved was shown by comparison of a simulated binding 
curve, produced using the calculated constants, with the exper- 
imental results (Fig. 8). This demonstrated that both curves 
were very similar. The binding curves obtained for A-domain 
binding to immobilized collagens in solid phase assays can also 
be fitted to produce apparent K D values for the interaction (26, 
27). These values are shown in Table I and exhibit generally 
good agreement with those obtained using the BIAcore. 

DISCUSSION 

We have produced a recombinant A-domain from the al 
integrin and compared its ligand binding characteristics with 
recombinant A-domains from the a2 and aM in te grins. Our key- 
findings are that (i) the al integrin A-domain is a largely 
cation-dependent ligand binding domain, (ii) the al and a2 
A-domains show similar but distinct ligand binding specifici- 
ties, and (iii) measurement of binding affinities for A-domain- 
collagen interactions produces values comparable with those 
reported for integrin -collagen interactions, suggesting that A- 
domains are the major collagen binding sites in integrins. 

Recombinant integrin A-domains and solid phase ligand- 
binding assays have been used to investigate A- domain -ligand 
interactions. The results showed that recombinant A-domains 
from al and a2 integrins bind collagen I, collagen IV, larninin, 
and the collagen IV fragment CB3, but not the aMj32 ligand 
fibrinogen. This is the first direct demonstration that the al 
A-domain is a hgand-bmding module, and the first observation 
of larninin binding by A-domains. Interestingly, while the al 
and a2 A-domains were found qualitatively to bind the same 
ligands, their binding profiles were quantitatively different, 
and their binding sites within collagen TV appeared to be sep- 
arate. The specificity of these interactions was confirmed by 
demonstrating the requirement for native structure of both 
ligand and A-domain and through antibody inhibition studies. 

Published reports of the ligand specificity of al/31 and a2/31 
match these findings with isolated A-domains. Thus, cell bind- 
ing, antibody blocking, affinity chromatography, and solid 
phase assays have variously been employed to demonstrate 
al/31 binding to collagen types I, III, IV, and VI and to larninin 
(5, 17, 18, 28-31). In addition, the CB3 fragment of collagen IV 
and fragments Fl and F4 of CB3 have been shown to contain 
the al/31 binding site (18, 19). The a2j31 integrin binds a 
similar range of ligands (16); however, the affinity of interac- 
tion with collagens is different from that of integrin a 1)31, and 
al/31 appears to bind larninin better than a2/31 (18). The bind- 
ing site for a2j31 in collagen IV has also been localized to the 
CB3 fragment (19); however, the al/31 and a2/31 binding sites 
are apparently separate (18). The A-domains thus mimic al- 
most all of the ligand binding activity of the intact al/31 and 
a2/31 integrins and appear to be key ligand -re cognition mod- 


4000 


3500 - 



Time (s) 

Fig. 8. Comparison of experimental results for al A-domain 
fusion protein binding to collagen I with a simulated results 
curve generated using calculated k„ and k d values. The experi- 
mental sensorgram (solid line) was recorded using a flow rate of 5 /xl/ml 
and a 10-min injection of 0.6 julM al A-domain. The simulated sensor- 
gram (dotted line) was modelled using the experimental parameters 
and a k a value of 4 X 10 3 M -1 s _1 and k d value of 8 x 10~ 6 s~\ To allow 
comparison of the curves, the signal prior to injection was adjusted to 
zero, and injection was considered to start at time 0. 

ules within the intact heterodimer. 

To characterize the A-domain-collagen interactions further 
and address the relative contribution of the A-domain to inte- 
grin-ligand binding affinity, the kinetics of binding were meas- 
ured using SPR. These results showed that the al A-domain 
has a higher affinity for collagens than does, the a2 A-domain. 
Comparison of apparent binding affinities produced from anal- 
ysis of solid phase binding data indicated a similar pattern of 
binding; however, the differences between al and a2 binding 
were less notable. The apparent binding constants for a 1)31 
binding to collagen IV have been measured using both BIAcore 
and solid phase binding and inhibition assays. 3 These tech- 
niques produced K n values in the range of 1—5 nM, which is in 
good agreement with the figures obtained for al A-domain 
binding to collagen IV (6-34 nM; Table I). Kern et al (18) have 
obtained similar values for a 1/31 binding to CB3; however, this 
varied from 1 to 30 nw depending on the divalent cations 
present. a2/31 binding to CB3 showed similar affinity but was 
more sensitive to cations (1—110 nM) (18). We measured the 
affinity of a2 A-domain for collagen TV as 115 nM. Taken to- 
gether, these findings indicate that the binding affinity of al 
A-domain and al/31 binding to collagen TV are similar, suggest- 
ing that the A-domain is the major ligand binding site in the 
integrin. The variation in affinity reported for the intact recep- 
tor is dependent on divalent cation and suggests that the bind- 


3 J. Eble, unpublished data. 
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ing site can be regulated by different cations. As discussed 
below, this may suggest allosteric regulation of the A-domain 
by cation-binding regions lying outside the A-domain. As the 
recombinant A-domain is free of this regulation, it may account 
for the variation between K D values measured in the presence 
of Mn 2+ for the A-domains and those reported for whole inte- 
grins. With this in mind, it should be noted that while the 
simple association model closely approximates the BIAcore 
data, some non -random variation from the model suggests that 
a more complex interaction may occur; this may be due to 
conformational changes in the A-domain. 

Integrins are known to require divalent cations for ligand 
binding, and a number of regions have been proposed to act as 
cation-binding sites. The crystal structures of the aM and aL 
A-domains have now been solved and show a single divalent 
cation-binding site at one end of the domain (4, 32). While it is 
accepted that intact integrins require cations for ligand bind- 
ing, cation dependence, independence, and partial dependence 
have all been reported for isolated A-domain binding to ligands 
(11, 12, 33, 34). Results reported here show largely cation-de- 
pendent binding; however, some variation in cation -depend- 
ence was observed. Binding of soluble A-domain to immobilized 
collagen is only partially cation -dependent, while binding of* 
biotinylated collagen to immobilized A-domain is completely 
cation -dependent. BIAcore analysis of A-domain-collagen bind- 
ing showed an absolute requirement for divalent cations, and 
binding that had already taken place could be reversed with 
EDTA, suggesting that there is a requirement for cation to 
remain bound during the integrin -ligand interaction. This sug- 
gests that divalent cations are normally required for A-domain 
ligand binding; however, some cation -independent binding may 
be seen due to non-native conformations of the recombinant 
A-domains. 

The exact role of divalent cations in ligand binding remains 
unclear as it is difficult to determine whether the cation bind- 
ing produces a ligand binding conformation in the A-domain or 
is itself required as a bridge between ligand and A-domains. 
Data from mutagenesis and peptide binding studies (14, 11) 
suggest that cation is not absolutely required for A-domain- 
ligand binding but that it normally regulates integrin-ligand 
binding. Qu and Leahy (35) have recently shown that the 
crystal structures of the recombinant aL A-domain in the pres- 
ence and absence of divalent cation are very similar, suggesting 
that the cation-dependence of ligand binding is not due to 
stabilization of a ligand binding conformation. The presence or 
absence of divalent cation does, however, have a profound effect 
on the charge distribution on the cation binding face of the 
A-domain. As epitope mapping and mutagenesis studies sug- 
gest that the ligand binding and cation binding sites are located 
on the same face of the molecule, surface charge might account 
for the cation requirement of ligand binding. Our finding that 
cation was required to maintain ligand binding is consistent 
with both this and a cation bridge model. In some recombinant 
A-domains, non-native structures may mean that even in the 
absence of divalent cation the conformation and charge distri- 
bution are such that ligand binding can occur. 

In the intact integrin, the situation is further complicated by 
the presence of other cation -bin ding sites in the a and /3 sub- 
units. Cation regulation of the whole integrin does not always 
match that seen in the isolated A-domain. For example, it is 
reported that Ca 2 * 4 " will not support collagen binding by a2/31, 
or al)31; indeed, Ca 2+ may actually inhibit Mg 2+ -induced col- 


lagen binding (18, 17). We have shown that, while Ca 2 " 5 " will 
support only low levels of collagen binding to a2 A-domain, it 
will allow binding to al A-domain. It is possible that, while the 
A-domain in the intact cel/31 will bind Ca 2 ~\ potentially per- 
mitting ligand binding, Ca 2 " 5 " binding at other sites on the 
integrin normally precludes binding. 

In conclusion, we have demonstrated that the A-domain from 
al integrin can bind ligands and that laminin is a ligand for 
A-domains. We demonstrate that distinctions between a 1/31 
and a-2/31 binding to collagen TV are also observed with isolated 
A-domains and that the affinity of A-domain binding to colla- 
gen is similar to that reported for whole integrin binding. 
Finally, we show that A -domain -ligand binding is largely diva- 
lent cation-dependent and suggest that cation, ligand, and 
A-domain form a ternary complex. 

Acknowledgments — We are grateful to Dr. Linda Green for the gifts 
of RNA and to Dr. Sylvie Cot from Biacore for critical review of BIAcore 
results. 

REFERENCES 

1. Hynes, R. O. (1992) Cell 69, 11-25 

2. Colombatti, A., Bonaldo, P., and Doliana, R. (1993) Matrix 13, 297-306 

3. Shaw, S. K., Cepek, K L., Murphy, E. A., Russell, G. J., Brenner, M. B., and 

Parker, C. M. (1994) J. Biol, Chem. 269, 6016-6025 

4. Lee, Jie-O., Rieu, P., Arnaout, M. A., and Liddington, R. (1995) Cell 80, 

631-638 

5. Kern, A, Briesewitz, R., Bank, I., and Marcantonio, E. E. (1994) J. Biol. Chem. 

269, 22811-22816 

6. Kamata, T., Puzon, W., and Takada Y. (1994) J. Biol. Chem. 269, 9659-9663 

7. Diamond, M. S., Garcia -Aguilar, J., Bickford, J. K., Corbi, A. L., and Springer, 

T. A. (1993) J. Cell Biol. 120, 1031-1043 
S. Landis, R. C, Bennet, R., and Hogg, N. (1993) J. Cell Biol. 120, 1519-1527 
9. Landis, R. C, McDowall, A., Holness, C. L. L., Littler, A. J., Simmons, D. L., 

and Hogg, N. (1994) J. Cell Biol. 126, 529-537 

10. Bilsland, C. A. G., Diamond, M. S., and Springer, T. A. (1994) J. Immunology 

152, 4582-4589 

11. Kamata, T., and Takada, Y. (1994) J. Biol. Chem. 269, 26006-26010 

12. Tuckwell, D. S., Calderwood, D. A., Green, L. J., and Humphries M. J. (1995) 

J. Cell Sci. 107, 1629-1637 

13. Randi, A. M., and Hogg, N. (1994) J. Biol. Chem. 269, 12395-12398 

14. Ueda, T., Rieu, P., Brayer, J., and Arnaout, M. A. (1994) Proc. Natl. Acad. Sci. 

U. S. A. 91, 10680-10684 

15. Zhou, L., Lee, D. H. S., Plescia, J., Lau, C. Y., and Altieri, D. C. (1994) J. Biol 

Chem. 269, 17075-17079 

16. Tuckwell, D. S„ and Humphries, M. J. (1993) Crit. Rev. Oncol. Hematol 15, 

149-171 

17. Luque, A., Sanchez-Madrid, F., and Cabanas, C. (1994) FEBS Letts. 346, 

278-284 

18. Kern, A, Eble, J., Golbik, R., and Kuhn, K. (1993) Eur. J. Biochem. 215, 

151-159 

19. Vandenberg, P., Kern, A., Ries, A., Luckenbill-Edds, L., Mann, K, and Kuhn, 

K. (1991) J. Cell Biol 113, 1475-1483 

20. Mould, A. P., Askari, J. A., AMyama, S. K., Yamada, K., and Humphries, M. J. 

(1991) Biochem. Soc. Trans. 19, 36 IS 

21. Michishita, M., Videm, V., and Arnaout, M. A. (1993) Cell 72, 857-867 

22. Sanger, F., Nicklen, S., and Coulson, A. R. (1977) Proc. Natl Acad. Sci. U. S. A. 

74, 5463 

23. Briesewitz, R., Epstein, M. R., and Marcantonio, E..E. (1993) J. Biol. Chem. 

268, 2989-2996 

24. Corbi, A. L., Kishimoto, T. K, Miller, L. J., Springer, T. A. (1988) J. Biol. 

Chem. 263, 12403-12411 

25. Smith, J. W., and Johnston, K. S. (1988) Gene {Amst.) 67, 31-40 

26. Mould, A. P., Askari, J. A., Craig, S. E., Garratt, A. N., Clements, J., and 

Humphries, M. J. (1994) J. Biol. Chem. 269, 27224-27230 

27. Woska, J. R., Morelock, M. M., Jeanfavre, D. D., and Bormann, B.-J. (1996) 

J. Immunol. 156, 4680-4685 

28. Kramer, R. H., and Marks, N. (1989) J. Biol. Chem. 264, 4684-4688 

29. Tomaselli, K. J., Hall, D. E., Flier, L. A., Gehlsen, K R., Turner, D. C, 

Carbonetto, S., and Reichard, L. F. (1990) Neuron 5, 651-662 

30. Gullberg, D., Gehlsen, K. R., Turner, D. C, Ahlen, K., Zyenah, L. S., Barnes, 

M. J., and Rubin, K. (1993) EMBO J. 11, 3865-3873 

31. Rossino, P., DefiHppi, P., Silengo, L., and Tarone, G. (1991) Cell Regul. 2, 

1021-1033 

32. Qu, A, and Leahy, D. L. (1995) Proc. Natl. Acad. Sci. U. S. A. 92, 10277-10281 

33. Rieu, P., Ueda, T., Haruta, L, Sharma, C. P., and Arnaout, M. A. (1994) J. Cell 

Biol. 127, 2081-2091 

34. Muchowski, P. J., Zhang, L., Chang, E. R., Soule, H. R., Plow, E. F., and Moyle, 

M. (1994) J. Biol. Chem. 269, 26419-26423 

35. Qu, A, and Leahy, D. L. (1996) Structure (Lond.) 4, 931-942 . 


The Journal of Biological Chemistry 

© 1997 by The American Society for Biochemistry and Molecular Biology, Inc. 


Vol. 272, No. 12, Issue of March 21, pp. 7661-7668, 1997 

Printed in U.S.A. 


Contributions of the I and EF Hand Domains to the Divalent 
Cation-dependent Collagen Binding Activity of the a^/Si Integrin* 

(Received for publication, May 29, 1996, and in revised form, January 10, 1997) 
S. Kent Dickesont, John J. Walsh., and Samuel A. SantoroS 

From the Department of Pathology, Washington University School of Medicine, St. Louis, Missouri 63110 


The a 2 /3 x integrin hinds collagen in a -dependent 
manner that is inhibited by Ca 2+ . Like the intact inte- 
grin, purified recombinant proteins containing the a 2 
integrin I domain, either alone or with variable num- 
bers of ct 2 integrin EF hand metal binding sites, bound 
collagen in a Mg^"*" -dependent manner, and Ca 2 "*" did not 
support binding. However, unlike the intact integrin, 
Ca 2+ did not inhibit the Mg 2 "*" -dependent binding of any 
of the fusion proteins to collagen. Binding to collagen 
was saturable and blocked by the a 2 £i function blocking 
antibody 6F1. Deletional analysis demonstrated that 
residues present within the amino- terminal 35 amino 
acids contribute to the 6F1 epitope and are required for 
Mg 2 "*" -dependent collagen binding. The results indicate 
that the I domain contains a Mg 2 " 1 " binding site that is 
essential for collagen binding and that the I domain 
alone is sufficient for collagen binding. Binding is mark- 
edly enhanced in a divalent cation- dependent manner 
by the addition of the first EF hand motif. Mutation of 
the EF hand to an inactive form completely abrogated 
the effect. The sites necessary for Ca 2+ inhibition are 
not present within the I domain or the adjacent region 
containing the three EF hand sites. 


The integrins are heterodimeric cell adhesion molecules that 
mediate cell-cell adhesion and adhesion between cells and the 
extracellular matrix. They are widely expressed and function 
throughout development and adulthood in a variety of normal 
and pathologic processes (for review, see Ref. 1). The a 2 0i 
integrin is expressed on several different cell types, including 
endothelial and epithelial cells, fibroblasts, lymphocytes, and 
platelets (2). The ligand specificity of a 2 (5 1 varies with cell type. 
While it serves as a collagen receptor on platelets and fibro- 
blasts, it can serve as both a collagen and as a lanunin receptor 
on endothelial and epithelial cells (3, 4). 

Cell adhesion to collagen mediated by the a 2 /3 1 mtegrin is 
dependent upon the presence of divalent cations (5). Mg 2 "*", for 
example, supported the adhesion. Ca 2+ could not substitute for 
Mg 2 " 1 " and inhibited the Mg 2 "*" -dependent adhesion. The adhe- 
sion of liposomes containing purified a 2 &i integrin to collagen 
was also found to depend on the presence of Mg 2+ and to be 
inhibited by Ca 2+ (6). The inhibition of Mg 2+ -dependent adhe- 
sion to collagen of liposomes containing the a 2 f^ x integrin oc- 
curred via a simple linear noncompetitive mechanism suggest- 
ing that Mg 2 " 1 " and Ca 2+ exert their effects by binding to 
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distinct sites on the a 2 0i integrin. Further evidence that Mg 2 "** 
and Ca 2+ bind to distinct sites was obtained when limited 
proteolytic digestion of a 2 jS 1 gave different cleavage patterns 
depending on which divalent cation was present (7). 

Several potential divalent cation binding sites present in the 
a 2 integrin subunit may mediate the distinct effects of Ca 2+ 
and Mg 2-1 ". Within the extracellular domain of a 2 are three EF 
hand motifs. These structures were originally described as 
Ca 2+ binding sites in regulatory proteins (8, 9) but have since 
been shown to be capable of binding other divalent cations. The 
ct 2 subunit is a member of a subset of integrin ct subunits that 
contain an approximately 200 amino acid domain located near 
the amino terminus often referred to as the I (or inserted) 
domain. Many I domains, including the a M integrin subunit I 
domain, contain an additional recently described cation bind- 
ing site, the metal ion -dependent adhesion site (MIDAS) 1 motif 
(10). The a 2 I domain also appears to contain a MIDAS motif 
since all five of the amino acids that contribute to divalent 
cation coordination in the a M MIDAS motif are conserved in the 
ol 2 integrin I domain. 

I domains share homology with the collagen -bmding A do- 
mains of von Willebrand factor and cartilage matrix proteins 
suggesting that integrin I domains may be important determi- 
nants in ligand binding. The a x subunit has been shown to be 
involved with the binding of oc 1 (B 1 to its ligands, collagen, and 
laminin (11). Likewise, the a M I domain is required for the 
interaction of the a M /3 2 mtegrin with its ligands, ICAM-1, iC3b, 
and fibrinogen (10, 12). The a L I domain also appears to be 
important in the binding of the integrin arj3 2 with its ligands, 
ICAM-1, and ICAM-3 (13, 14). Similarly, several lines of evi- 
dence implicate the involvement of the a 2 l domain in ligand 
binding activity of the integrin. First, a polyclonal anti- 

serum directed against a bacterially expressed a 2 I domain 
fusion protein was shown to block the attachment of endothe- 
lial cells to gelatin, type I collagen, and laminin (15). Second, a 
series of human/bovine a 2 mtegrin chimeras was generated 
and used to map the epitopes recognized by anti -human a 2 
mtegrin monoclonal antibodies that were capable of inhibiting 
the ligand bmding activity of the human oc 2 (^ 1 mtegrin. All of 
these antibodies mapped to regions within the a 2 I domain, 
revealing the significance of the I domain with regard to colla- 
gen recognition (16). Finally, several mutagenesis studies have 
demonstrated the importance of amino acids within the a 2 
integrin I domain for ligand binding (16, 17). Recently, recom- 
binant a 2 integrin I domain expressed in bacteria as a glutathi- 
one S-transferase (GST) fusion protein has been shown to bind 
specifically to collagen. However, two reports (17, 18) have pre- 
sented conflicting data as to whether the I domain, like the intact 
integrin, binds collagen in a divalent cation-dependent manner. 


1 The abbreviations used are: MIDAS, metal ion-dependent adhesion 
site; GST, glutathione S-transferase; PCR, polymerase chain reaction; 
PAGE, polyacrylamide gel electrophoresis; TBS, Tris-bufFered saline; 
ELISA, enzyme-linked immunosorbent assay. 
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Divalent Cation -dependent Function of the ct 2 Pj Integrin 


To elucidate the roles of the various divalent cation binding 
sites present within the a 2 subunit with regard to the metal 
ion-dependent function of the intact a 2 ^ 1 integrin, we have 
expressed a series of a 2 integrin I domain -containing proteins 
with either none, one. two, or all three of the EF hand sites. Our 
results indicate an essential role for the I domain and a here- 
tofore unrecognized role for the first EF hand motif in divalent 
cation -dependent collagen binding activity. 

EXPERIMENTAL PROCEDURES 

Cloning and Expression of Integrin a £ I Domain-containing Pro- 
teins — Complementary DNAs encoding the human a 2 integrin subunit 
I domain and the I domain with one, two, or all three of the EF hand 
divalent cation binding sites were generated by PCR using full-length 
human a 2 integrin cDNA as template. The proteins encoded by this 
series constructs will be referred to as I, I + 1,1+ 12, and I + 123. All 
four of the proteins in this series begin at Ser-124 and terminate at 
Met-349, Gly-516, Lys-570, and Ser-620 of the published a 2 sequence 
(19). In addition, cDNAs encoding a shorter I domain protein lacking 
the 35 amino -terminal amino acids and the analogous I + 1 protein 
were also prepared. These shorter proteins, referred to as AI and AI + 
1, begin at Trp-159 and terminate at Met-349 and Gly-516, respectively. 
Thus these two proteins lack the DXSXS portion of the MIDAS motif. 
The PCR primers were designed such that all of the amplification 
products would contain a Bglll restriction site at their 5' ends and a 
stop codon followed by an Xhol restriction site at their 3' ends. The PCR 
products were digested with BglU and Xhol, purified in agarose gels, 
and cloned into BamKl and Xhol-digested GST fusion protein expres- 
sion vector pGEX-5X-l (Pharmacia Biotech Inc.). The sequences of all 
cDNAs used in this study were determined using the dideoxy chain 
termination method (20) and compared with the published a 2 integrin 
sequence (19). 

The sequences of the oligonucleotides used for PCR were as follows: 
I domain forward primer, 5'-GAAGATCTCTCCTGATTTTCAGCTCT- 
CAGCCAGC-3'; I domain reverse primer, 5'-CCGCTCGAGTCACATT- 
TCCATCTGAAAGTTGTCTCC-3'; I + 1 reverse primer, 5'-CCGCTCGA- 
GTCAGCCTTCAAGAAATTGGTGCTGACC-3 ' ; 1 + 12 reverse primer, 
5 '-CCGCTCGAGTCACTTTGTGCGGATAGTGCCCTGATG-3' ; I + 123 
reverse primer, 5'-CCGCTCGAGTCATGACCAGAGTTGAACCACTTG- 
TCC-3'; AI forward primer, 5 '-GAAGATCTGGGATGCAGTAAAGA- 
ATTTTTTGG. 

To prepare an I + 1 protein with a mutated EF hand, pGEX-5X-l/I + 
1 was digested with Pstl and Xhol, and the 357-base pair Pstl-Xhol 
fragment was purified in an agarose gel. The fragment was cloned into 
pBlueScript KS, previously digested with the same enzymes. The 
Kunkel (21) method of site directed mutagenesis was used to create a 
double mutant, D272KD-»AKA. This protein will be referred to as I + 
1*. The oligonucleotide used for the mutagenesis reaction was anti- 
sense; its sequence was 5 '-CACGTCTGTAATGGTGGCTTTAGCC A- 
CATCAACTGAAC-3'. The mutation was verified by sequencing, and 
the 357-base pair Pstl-Xhol fragment containing the double mutation 
was cloned back into the pGEX-5X-l/I + 1 background. Fig. 1 shows a 
schematic diagram of the constructs used in this study. 

Trial inductions were performed to determine whether the selected 
clones could direct expression of appropriately sized GST fusion pro- 
teins. E. coli DH5a containing each of the plasmid constructs was grown 
at 37 °C in 60 ml of 2 X YT media supplemented with 0.2% glucose and 
100 /xg/ml ampicillin. Uninduced samples were removed from each 
culture when the A^ 50 reached 0.3-0.4. Isopropylthiogalactoside was 
then added to a final concentration of 1 mM, and the cultures were 
returned to the incubator for 3 h to allow for accumulation of the 
expressed proteins. Cell lysates from the uninduced and induced sam- 
ples were analyzed by SDS-PAGE (22) followed by Coomassie Blue 
staining. All of the constructs directed the expression of recombinant 
proteins of the expected size. The site of accumulation and degree of 
solubility was determined for a representative I domain-containing 
protein using a published cellular fractionation protocol (23). Bacteria 
harboring the I + 123 construct were grown and induced as described 
above. At the end of the induction period, the sample was fractionated 
into media, periplasmic, cytoplasmic soluble, membrane, and insoluble 
fractions. Each fraction was analyzed by SDS-PAGE, followed by Coo- 
massie Blue staining. The bulk of the recombinant protein (95-100%) 
accumulated in the insoluble fraction. The other I domain-containing 
proteins accumulated in the insoluble fraction as well. 

For the purification of the fusion proteins, the inductions were per- 
formed as above except that the culture volume was increased to 500 


ml. At the end of the induction period, the cells were recovered by 
centrifugation at 2600 X g for 10 min. The cells were washed twice with 
10 ml of ice-cold phosphate-buffered saline (10 mM Na 2 HP0 4 , 1.8 mM 
KH 2 P0 4( 140 mw NaCl, 2.7 mM KC1, pH 7.4) and stored at -70 °C until 
needed. Insoluble fractions were prepared and washed using the Triton 
X-100 procedure described by Marston (24). The recombinant proteins 
were solubilized in 8 m urea on ice for 1 h. After removal of urea- 
insoluble material by centrifugation at 12,100 X g for 20 min, the urea 
was diluted to 1.33 m with 25 mw Tris-HCl, pH 8.0, 10 mM EDTA. The 
proteins were purified by affinity chromatograplry on glutathione- 
Sepharose (Pharmacia) according to a published method (25). Following 
purification, the proteins were dialyzed extensively against TBS (50 mil 
Tris-HCl, 150 mM NaCl, pH 7.4). Protein yields were determined using 
the BCA protein assay reagent (Pierce). Fig. 2 shows a Coomassie Blue 
stained SDS-PAGE gel containing approximately 5 ^g/lane of each of 
the recombinant proteins used in this study. All recombinant proteins 
were subjected to gel filtration analysis on a 10 x 300 mm Superose 12 
column (Pharmacia) equilibrated with TBS containing 2 mM MgCl 2 
(Fig. 3). 

Collagen and Laminin Binding Assays — The wells of a 96 -well mi- 
crotiter plate (Lmmulon 2, Dynatech Laboratories, Inc.) were coated 
overnight at 4 °C with 0.1 ml of 30 ug/ml collagen I from calf skin 
(Sigma) in 0.09% acetic acid or with 30 /xg/ml laminin I (Collaborative 
Biomedical Products) in TBS. The wells were washed twice with 0.15 ml 
TBS and then blocked for 1 h at room temperature with 0.15 ml of 100 
^Lg/ml bovine serum albumin (ICN Biomedicals, Inc.) in TBS. Recombi- 
nant proteins were diluted to 400 nM in various wash buffers (TBS 
containing 0.05% Tween-20, 10 /ag/ml bovine serum albumin, and either 
1 m EDTA, 2 mw CaCl 2 , 2 mM CaCL plus 2 mM MgCl 2 , or 2 mM MgCl 2 ). 
The wells were washed once with 0.15 ml of the appropriate wash 
buffer, and then 0.1 ml of each recombinant protein was added and 
allowed to interact for 1.5 h at room temperature. Wells were then 
washed three times with 0.15 ml of the appropriate wash buffer, and 
then 0.1 ml of a 1:500 dilution of anti-GST antiserum (Pharmacia) in 
the appropriate wash buffer was added for 1 h at room temperature. 
Following this incubation, the wells were again washed three times, 
and then 0.1 ml of a 1:4500 dilution of pig- anti-goat secondary antibody- 
horseradish peroxidase conjugate (Boehringer Mannheim) in the appro- 
priate wash buffer was added for 1 h at room temperature. The wells 
were again washed three times, and 0.1 ml of te tram ethylbenzi dine 
dihydro chloride (Sigma) prepared according to the manufacturer direc- 
tions was added per well. After 1 h of substrate conversion, reactions 
were stopped with 0.025 ml of 4 N H 2 S0 4) and the plates were read at 
450 nm. 

ELISA — I domain -containing proteins were diluted to 10 /xg/ml in 
TBS containing 2 mM MgCl 2 and used to coat the wells of a 96-well 
microtiter plate (lmmulon 2, Dynatech). Coating was carried out over- 
night at 4 °C with 0.1 ml of solution/well. The wells were washed twice 
with 0.15 ml of TBS containing 2 mM MgCl 2 and then blocked for 1 h at 
room temperature with 0.15 ml of TBS containing 100 /xg/ml bovine 
serum albumin and 2 mM MgCl 2 . Primary antibodies used include 
anti-GST antiserum and anti-human a 2 monoclonal antibodies 6F1 and 
12F1. The anti-GST antiserum was diluted 1:2500; the monoclonal 
antibodies were diluted to 1 /ig/ml in wash buffer (TBS containing 
0.05% Tween-20, 10 /xg/ml bovine serum albumin, and 2 mM MgCl 2 ). 
Following blocking, the wells were washed once with 0.15 ml of wash 
buffer, and then 0.1 ml of primary antibody was added and allowed to 
interact for 1 h at room temperature. The wells were washed three 
times with 0.15 ml of wash buffer, and then 0.1 ml of secondary anti- 
body-horseradish peroxidase conjugate (pig-anti-goat for anti-GST or 
go at-anti -mouse for 6F1 and 12F1) diluted 1:4500 in wash buffer was 
added per well. Substrate was added, and the plates read as described 
above. 

Antibody Blocking Assay — The wells of a 96-well microtiter plate 
were coated with collagen and blocked with bovine serum albumin as 
described above. I + 1 (100 nM) was preincubated with anti-human a. z 
antibodies 6F1 or 12F1 (300 nM) for 1 h at room temperature in wash 
buffer (TBS containing 0.05% Tween-20, 10 ^Lg/ml bovine serum albu- 
min, and 2 mM MgCl 2 ). The wells were washed once with 0.15 ml of 
wash buffer, and then 0.1 ml of I + 1/antibody mixture was added and 
allowed to interact for 1.5 h at room temperature. Detection of collagen 
bound I + 1 was carried out as described above. Substrate was added, 
and the plates were read at 450 nm. 

RESULTS 

As an approach to assess the contributions of distinct classes 
of divalent cation binding sites present within the a 2 integrin 
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Pig. 1. Schematic representation of recombinant a 2 integrin I 
domain-containing GST fusion proteins. Numbers above the full- 
length a 2 subunit (top line) refer to amino arid residue position/100. 
Numbers above each construct refer to amino acid position in the a 2 
integrin subunit. The asterisk in I + 1* denotes the double mutation 
D272KD— >AKA in the EF hand motif. 


subunit to the collagen binding activity of the a 2 0i integrin, the 
domains were expressed as recombinant GST fusion proteins 
containing the a 2 integrin I domain alone or in combination 
with one, two, or all three of the EF hand-like motifs (I, I + 1, 
I + 12, I + 123). In addition, the I domain was modified by 
deleting 35 amino acids from its amino terminus in two con- 
structs (Al and Al + 1). The EF hand motif of I + 1 was 
modified by incorporating two D— »A point mutations to render 
the EF hand motif incapable of metal binding (I + 1*). The 
recombinant proteins examined in this investigation are pre- 
sented schematically in Fig. 1. 

After purification by affinity chromatography on glutathi- 
one-Sepharose, the proteins were subjected to analysis by SDS- 
PAGE (Fig. 2). The recombinant proteins were further ana- 
lyzed by gel filtration chromatography. This analysis confirmed 
the purity of the proteins in agreement with the SDS-PAGE 
analysis and revealed the lack of protein aggregation with less 
than 2.6% of the protein running with an apparent size larger 
than that predicted for the monomelic species. Quantitative 
analysis of I domain and I + 1 proteins revealed that 95 and 
96%, respectively, of the protein applied to the column eluted in 
the monomer peaks. Representative profiles for the I, I + 1, Al 
+ 1 and I + 1* proteins are shown in Fig. 3. Similar chromato- 
graphic profiles were obtained for each of the other proteins 
used in this study (data not shown). 

The proteins were then tested for collagen binding activity. 
To assess the divalent cation specificity, if any, collagen bind- 
ing assays were conducted in the presence of 2 mM EDTA, 2 eqm 
Ca 2 + or 2 mw Mg 2 *. The ability of Ca 2+ to inhibit any Mg 2 *- 
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Fig. 2. SDS-PAGE gel containing purified I domain-containing 
GST fusion proteins. Proteins were stained with Coomassie Blue. 5 
\Lg of protein were loaded per lane. 
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Fig. 3. Gel nitration analysis of recombinant a z integrin I 
domain -containing proteins. 20—40 p.g quantities of the indicated 
proteins were analyzed on a Superose 12 column (Pharmacia) equili- 
brated with TBS containing 2 mM MgCl 2 - The position of the void peak- 
is indicated. 

dependent collagen binding was assessed by carrying out the 
binding assay in the presence of 2 mM of both Ca 2 "*" and Mg 2 *. 
The results are shown in Fig. 4. GST alone did not bind spe- 
cifically to collagen under any of the divalent cation conditions. 
As previously observed with the intact a 2 fii integrin, all four of 
the proteins containing an intact I domain bound collagen in a 
Mg 2-1 " -dependent manner. As also observed with the intact 
integrin, Ca 2+ did not support the collagen binding activity of 
any of the I domain- containing proteins. However, unlike the 
intact a 2 fix mtegrin, Mg 2+ -dependent collagen binding activity 
of the I domain-containing proteins was not inhibited by Ca 2+ . 
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Fig. 4. Binding of GST and I domain 
constructs to collagen. Collagen bind- 
ing was measured in the presence of 1 mM 
EDTA, 2 mM Ca 2 ^ f 2 mM each of Ca 2+ and 
Mg 2+ , or 2 mM Mg 2 ". 
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Fig. 5. Binding of I and I + 1 pro- 
teins to collagen. I, Al, I + l f Al + 1, 
and I + 1* were tested for binding to 
collagen in the presence of 1 mM EDTA or 
2 mM Mg 2 *. 
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Addition of the first EF hand motif onto the I domain appeared 
to markedly enhance Mg 2+ -dependent collagen binding activity 
as revealed by an increased extent of binding. This was most 
apparent in the 1 + 1 and 1 + 12 proteins. 

The necessity of an intact I domain for the collagen binding 
activity of the constructs was examined with two fusion pro- 
teins containing truncated I domains in which the amino- ter- 
minal 35 residues were deleted (Al and Al + 1). The deleted 
region contained the D.XSXS sequence, a region thought to be 
critical for the structural integrity of the MIDAS motif (10). As 
expected and as shown in Fig. 5, both the I and I + 1 constructs 
bound collagen in a Mg 2 "*" -dependent manner. However, nei- 
ther of the truncated constructs (Al and Al + 1) bound collagen. 
Thus an intact MIDAS motif is required for Mg^-dependent 
collagen binding activity. 

The contribution of the putative metal binding sequences 
present within the first EF hand motif to the enhanced collagen 
binding activity of the I + 1 protein relative to the I domain was 
examined by mutating two aspartate residues essential for 
metal binding activity of the motif (Asp-272 and Asp-274) to 
alanines to create the I + 1* protein. Unlike the wild- type EF 
hand motif, the mutated EF hand conferred no enhanced col- 
lagen binding activity upon the I domain (Fig. 5). The collagen 
binding activity of I + 1* was comparable with that of I domain 
alone. Thus, sequences within the EF hand motif that confer 
metal binding properties upon the motif, are essential for the 
enhancement of collagen binding activity. 


The enhanced collagen bmding activity of the I + 1 construct 
relative to that of the I domain alone was examined in greater 
detail and over a range of concentrations (Fig. 6). Both the I 
and I + 1 proteins bound to collagen in a concentration -depend- 
ent and saturable manner. Whereas half-maximal binding of 
the I domain protein to collagen occurred at 820 nM, the half- 
maximal binding of the I + 1 construct was observed at 87 nM. 

Mg 24 " concentrations required for half-maximal collagen 
binding were determined for I domain, I + 1, I + 12, and I + 
123 proteins and found to be 0.54, 0.31, 0.61, and 1.17 mM, 
respectively (Fig. 7). Mn 2+ was also shown to support collagen 
binding of each of these constructs (Fig. 8). Approximately 0.5 
mM Mn 2+ was required for half- maximal collagen binding. 

Anti-human ol 2 integrin monoclonal antibodies 6Fl and 12F1 
were tested for their ability to bind the I, Al, I + 1, and Al + 1 
fusion proteins. The results are shown in Fig. 9A. All of the 
proteins were recognized by the anti-GST antiserum to similar 
extents, indicating that comparable quantities of the proteins 
were coated onto the microtiter wells. Monoclonal antibodies 
6F1 and 12F1 both bound equivalently to the I and I + 1 
proteins that contained intact I domains. Neither bound to the 
Al and Al + 1 proteins containing truncated I domains. Both of 
the antibodies also effectively recognized the I + 1*, I + 12, and 
I + 123 proteins (data not shown). The same patterns of reac- 
tivity were observed in the presence of either 2 mw Mg 2 * or 2 
mM EDTA (data not shown). Thus, the two distinct complex, 
conformation -dependent epitopes recognized by the 6F1 and 
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12F1 antibodies (26, 27) are retained to comparable extents in 
the I and 1+1 constructs, suggesting that the conformation of 
the I domain in these two proteins is intact. Antibody 6F1 
which inhibits the binding of the intact a 2 fi 1 integrin to colla- 
gen (26), also effectively blocked the binding of the 1+1 protein 
to collagen. 12F1, an antibody that does not inhibit the binding 
of the intact cc 2 fii integrin to collagen (28), similar^ failed to 
inhibit the binding of I + 1 protein to collagen although, as 
shown in Fig. 9A, the 12F1 antibod3 T effectively bound to the 
I + 1 protein. The effects of the 6F1 and 12F1 antibodies on 
collagen binding activity of the I + 1 protein are shown in 
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Fig. 6. Saturable binding of I and I + 1 to collagen. Various 
concentrations of I and I + 1 were tested for binding to collagen in the 
presence of 2 mM Mg 2 " 1 ". 


Fig. 9S. 

Since the I and I + 1 proteins exhibited rather different 
collagen binding activities, we next examined the binding of the 
two proteins to laminin, a second ligand for the a 2 0i integrin. 
When examined in either Mg 2 ^ or Mn 2+ -containing buffers, 
the I and I + 1 proteins bound laminin to comparable extents 
(Fig. 10). Unlike binding to collagen, however, binding to lami- 
nin was markedly enhanced in the presence of Mn 2+ . Both I 
and I + 1 proteins were similarly affected. 

DISCUSSION 

The adhesion of cells to collagen via the a^i integrin re- 
quires the presence of Mg 2 " 4 " (5). Ca 24 " is incapable of supporting 
a 2 )3 1 integrin -mediated adhesion to collagen and inhibits the 
Mg 2 "*" -dependent adhesion. Liposomes containing purified a 2 0i 
integrin demonstrated identical metal ion dependence (6). Re- 
cently, the I domains of several integrins have been shown to be 
important determinants of ligand binding (10—14). Evidence of 
the involvement of the a 2 I domain in collagen recognition 
includes: (a) an anti-a 2 antiserum blocks endothelial cell at- 
tachment to collagen (15); (b) several cl' 2 0i integrin function 
blocking antibodies map to the I domain (16); and (c) purified 
recombinant a 2 I domain binds specifically to collagen (17, 18). 
The crystal structure of the I domain of the related a M integrin 
subunit has been solved and found to contain a single novel 
Mg 2 ^ binding site that involves residues that are widely sep- 
arated in the primary sequence (10). In addition to the Mg 2- *" 
binding MIDAS motif within the I domain, the a 2 integrin 
subunit contains three EF hand-like metal binding sites in 
close proximity to the I domain. In the present study, we have 
prepared a series of a 2 I domain-containing GST fusion pro- 
teins with various numbers of EF hand sites for the purpose of 
establishing the contributions of the divalent cation binding 


Fig. 7. Mg^-dependence of binding 
of I domain constructs to collagen. 

Binding of the I domain- containing GST 
fusion proteins to collagen in the presence 
of the indicated concentrations of Mg 2 ^ 
was determined. 
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Fig. 8. Mn 2+ -dependence of binding 
of I domain constructs to collagen. 

Binding of the I domain-containing GST 
fusion proteins to collagen in the presence 
of the indicated concentrations of Mn 2+ 
was determined. 
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Fig. 9. Antibody recognition and 
blocking. A, anti-GST antiserum and an- 
ti-human ot 2 monoclonal antibodies 6F1 
and 12F1 were tested by ELISA for reac- 
tivity with I domain and I + 1 proteins. B, 
monoclonal antibodies 6F1 and 12F1 were 
tested for their ability to inhibit the bind- 
ing of I + 1 to collagen. I + 1 (100 nM) was 
preincubated with either antibody (300 
nM) for 1 h and then tested in the collagen 
binding assay. 


sites present within the I and EF hand domains of the a z 
integrin subunit to the metal and ligand binding properties of 
the integrin. 

Like the intact integrin, each of the I do main- containing 
proteins bound collagen in a Mg 2+ -dependent manner. As also 
observed with the intact integrin, Ca 2+ could not substitute for 
Mg 2+< Unlike the intact integrin, however, Ca 2+ did not inhibit 
the Mg 2+ -dependent binding to collagen of any of the I domain- 
containing proteins. These data suggest that the sites respon- 
sible for Ca 2+ inhibition of Mg 2 ^- dependent collagen binding 
activity are either not present within the I domain or the region 
containing the three EF hand structures or that their inhibi- 


tory effects are not manifested outside of the context of the 
intact integrin. The finding that isolated I domain binds colla- 
gen in a Mg 2 *^ -dependent mariner is in agreement with the 
recent work of Tuckwell, et al. (18) but contrasts with results 
from Kamata and Takada (17), who found that independently 
expressed I domain bound collagen in a divalent cation-inde- 
pendent manner. The reason for the discrepancy is not appar- 
ent but may represent an adverse consequence of the iodination 
of the recombinant I domain protein. We have previously ob- 
served deleterious effects on a 2 )3 1 integrin structure and ligand 
binding activity as a result of iodination (7). The results of our 
binding studies using the AI and AI + 1 proteins strongly 
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Fig. 10. Binding of I and I + 1 proteins to laminin. Binding of 
GST, I, and 1+ 1 proteins to laminin was determined in the presence of 
1 mw EDTA, 2 mil Mg 2 ^, or 2 mi! Mn 2+ . The results are expressed as 
divalent cation-dependent binding observed in the presence of Mg 2 ^ or 
Mn 2+ . 

support the conclusion that the MIDAS site present within the 
I domain is critical for the collagen binding activity of the a 2 I 
domain. 

A marked enhancement of collagen binding activity was con- 
sistently observed upon the addition of the first EF hand motif 
to the I domain. To determine if the increased binding was 
contingent upon the divalent cation binding activity of the EF 
hand, an I + 1 protein with a mutated EF hand was prepared. 
To ensure complete inactivation the EF hand site in I 4- 1, 
aspartates at positions 3 and 5 were mutated to alanines. 
Mutation of the EF hand site to an inactive form completely 
abrogated the increase in collagen binding observed for I + 1, 
reducing its collagen binding activity to that of the I domain. 
This finding indicates that the enhancement was likely a direct 
result of Mg 2 ^ binding to the EF hand rather than to divalent 
cation-independent interactions of other regions of the added 
sequence. 

Mg 2 " 1 " concentrations required for half-maximal binding to 
collagen of I domain, I + 1, 1 + 12, and I + 123 proteins ranged 
from 0.3 to 1.2 mM. These values are similar to those observed 
for half-maximal a 2 fii integrin-mediated adhesion of platelets 
and of other cells to collagen (5, 29). Mn 2+ has been shown to 
support the adhesion of cells to collagen at significantly lower 
concentrations than Mg 2 ^ (10-30 /xm) (29, 30). However, the I 
domain fusion proteins required approximately 0.5 mM Mn 2+ 
for half-maximal collagen binding. This concentration is simi- 
lar to that of Mg 2 " 4 " rather than the ten -fold lower concentration 
observed with the intact integrin. These data suggest that for 
the I domain-containing proteins, Mn 2+ is substituting for 
Mg 2 ^ 

Recently, the I domain from the a M integrin subunit has 
been crystallized in the presence of a limiting concentration of 
Mn 2+ (31), and the structure obtained from this analysis was 
compared with that obtained when the protein was crystallized 
in the presence of Mg 2 " 1 " (10). A change in conformation as well 
as a change in the way the metal ion was coordinated was 
revealed when the protein was crystallized in the presence of 
Mn 2+ . The differing divalent cation-dependent structures may 
potentially reflect affinity modulation of the integrin. Our data 
indicate that the conformational changes observed in the I 
domain are themselves insufficient to confer significantly al- 
tered collagen binding activity on the I domain protein(s). In 
contrast, Mn 2+ did markedly enhance binding of the I and I + 


7667 

1 proteins to laminin. In this regard, it is noteworthy that only 
the most, activated form of the a 2 Pi integrin is thought to 
exhibit laminin binding activity (32). 

The antibody binding experiments are significant in their 
own right. Both the 6F1 and 12F1 monoclonal antibodies bound 
to the proteins containing an intact av, integrin I domain (I, I + 

I, etc.) in the absence of the /3 2 integrin subunit indicating that 
the /3 a subunit is not necessary for formation of the epitope 
recognized by these two antibodies. Deletion of the amino- 
terminal 35 amino acids of the I domain (residues 124—158 of 
the published a 2 integrin sequence (19)) to form the AI and AI 
+ 1 proteins resulted in loss of reactivity with both the 6F1 and 
12F1 antibodies. Since the deletion destroyed the integrity of 
the MIDAS motif, it was conceivable that critical divalent 
cation-dependent structures essential for reactivity with the 
antibodies may have also been destroyed. This seemed un- 
likety, however, since the same patterns of antibody reactivity 
were observed in both EDTA and Mg 2 *- containing buffers. 
These data, therefore, suggest that in addition to the region of 
residues 173-259 identified by Kamata, et al. (16) in their 
study of human/bovine chimeric a 2 integrin, an additional de- 
terminant present within residues 124-158 makes an impor- 
tant contribution to the apparently complex epitopes recog- 
nized by the 6F1 and 12F1 antibodies. 

In summary, the results of this investigation indicate, in 
agreement with other recent studies, that the a 2 integrin sub- 
unit I domain is sufficient for collagen binding activity. The 
data obtained in this study indicate that, while there appears 
to be a Mg 2+ binding site within the I domain that is critical for 
collagen binding, the sites responsible for Ca 2+ inhibition are 
not present within the I domain or the region containing the 
three EF hand structures or that additional portions of the 
intact integrin are also required in conjunction with Ca 2_r bind- 
ing to observe the inhibitory effect. These results are consistent 
with our earlier observation that Mg 2 " 1 " and Ca 2+ exert their 
effects by binding to distinct sites on a 2 &i (6, 7). 

Finally, our studies reveal several differences between the 
binding of the I and I + 1 proteins to collagen and l amin in 
Unlike binding to collagen, which was equivalent in the pres- 
ence of Mg 2 * or Mn 2+ , binding of both the I and I + 1 proteins 
to laminin was greatly enhanced in the presence of Mn 2+ . 
Furthermore, whereas binding to collagen was considerably 
enhanced by the addition of the first EF hand motif to the I 
domain, binding to laminin was essentially unaltered. The 
structural basis underlying these apparent mechanistic differ- 
ences warrants further exploration. 
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Integrin a2&l is a major divalent cation-dependent 
receptor for collagen. Here, we show that the recombi- 
nant inserted/interactive domain (I domain) of o2 spe- 
cifically interacts with collagen, indicating the I domain 
contains all the components necessary for collagen bind* 
ing. Evidence was obtained that divalent cations are not 
required for collagen binding to the I domain fragment, 
indicating that divalent cations are not involved in the 
actual binding to collagen but probably in the regula- 
tion of the binding. We identified Thr-221 within the 
previously identified putative ligand binding region as a 
residue critical for collagen binding to both <*2/Jl and 
the I domain fragment. Thr-221 may be involved in the 
actual collagen binding and recognition. 


Integrins are a supergene family of cell adhesion receptors. 
This family is composed of at least 13 a subunits and 8 /3 
subunits. Integrins recognize multiple ligands and mediate 
cell -cell and cell -extracellular matrix interactions in a divalent 
cation (Ca 2+ , Mg^, and/or Mn 2+ )-dependent manner (1-6). 

Integrin a2)31 is a major collagen receptor in fibroblasts, 
platelets, and leukocytes (7—12). a2/31 contributes to the three- 
dimensional type I collagen gel contraction and the reorgani- 
zation of collagen by fibroblast (13 > 14). a2£l is also involved in 
the migration of tumor cells within collagenous matrices (6, 15) 
and in platelet aggregation induced by collagen (16). The ce2/31 
is also a receptor for echovirus 1 (17, 18). a2/31 has also been 
shown to be involved in cell-cell interaction (19, 20), probably 
by interacting with a331 (21). 

The oc2 chain consists of a large extracellular domain, a 
transmembrane domain, and a short cytoplasmic segment (22). 
In addition to common characteristics of integrin a chain (the 
well conserved Cys residues, three metal binding domains of 
the general structure DXDXDGXXD, and transmembrane do- 
main), a2 chain has an inserted/interactive domain (I domain) 1 
of about 200 amino acids located close to the three metal bind- 
ing sites. I domains are also present in other proteins, including 
von Willebrand factor (23), cartilage matrix protein (24), colla- 
gen type VI (25, 26), complement C2 (27), factor B (28), the aL 
subunit of lymphocyte function-associated antigen-1 (aL/32), 
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the aM subunit of Mac-1 (aM/32) (29-31), the aX subunit of 
pl50,95 (32), the al subunit of al/31 (33, 34), and the «E sub- 
unit of aE/37 (35). 

Recently, we have shown that anti-a2 monoclonal antibodies 
(mAbs) that block collagen and/or echovirus 1 binding recog- 
nize the I domain, suggesting that the I domain may be in- 
volved in the ligand binding (36). Also, divalent cation binding 
sites have been found in the I domain of aM. Asp- 140 and 
Asp-242 v/ithin the aM I domain are critical for the cation 
binding, and mutations of the 2 residues block binding of aM/32 
to iC3b (37). The corresponding residues in the a.2 I domain 
(Asp-151 and Asp-254) were shown to be critical for collagen 
binding of a2/31 integrin as well (36). 

In the present study, we examined the Hgand/a201 interac- 
tion using a fusion protein that spanned the a2 I domain. We 
report here that the recombinant I domain specifically binds to 
collagen, but the binding is divalent cation-independent. These 
data suggest that the I domain has all the necessary compo- 
nents for collagen binding and that divalent cations are not 
involved in the actual binding of collagen to the I domain. 
Consistent with these data, mutations of Asp-151 and Asp-254, 
which are critical for divalent cation binding to the I domain, do 
not affect or only partially inhibit the collagen binding to the I 
domain fragment. By contrast, Thr-221 is critical for collagen 
binding to both a2/Sl and the I domain fragment. 

EXPERIMENTAL PROCEDURES 

Monoclonal Antibodies — 5E8 (38) was obtained from R. B. Banker! 
(Roswell Park Cancer Institute, Buffalo, NY), 6F1 (39) from B. Collar 
(State University of New York at Stony Brook, NY), 12F1 (8, 40) from V. 
Woods (University of California San Diego, CA), AA10 (17) from J. 
Bergelson and R. W. Finberg (Dana-Farber Cancer Institute, Boston, 
MA), P1H5 and P4B4 from W. G. Carter (F. Hutchinson Cancer Insti- 
tute, Seattle, WA) and E. Wayner (University of Minnesota, Minneapo- 
lis, MN), P1E6 from Telios Pharmaceuticals (San Diego, CA), RMAC11 
(41) from R. Faull (St George Hospital, Kogarah, Australia), and HAS3 
and HAS4 (42) from F. Watt (Imperial Cancer Research Fund, London, 
United Kingdom). 

Preparation of Glutathione S-Transferase-I Domain Fusion Protein 
(GST-a2l) — A cDNA fragment encoding most of the I domain was ob- 
tained by polymerase chain reaction (PCR) with synthetic oligonucle- 
otides 5 '-CGGATCCCCTGATTTTCAGCTCTCAGCC-3 ' and 5'-ATGCT- 
GAAAATTTGTTCTCC-3 ' as primer and human a2 cDNA (22) as 
template. The PCR product was subcloned into pCRII vector and then 
into pGEX-2T vector using BamHI/EcoRI sites. Mutant I domain cDNA 
fragments were obtained by PCR amplification with mutant a.2 cDNAs 
C36) as templates. Authenticity of the PCR product was confirmed by 
sequencing. The a2 portion of GST-a2I contains human a2 amino acid 
sequence from Ser-124 to Ile-335 (212 residues) and an extra sequence 
at the carboxyl terminus after Ile-335 (Ser-Arg-Ile-His-Arg-Asp) that is 
not present in a2. 

GST-a2I fusion protein or wild type GST was prepared according to 
Smith and Johnson (43). Overnight culture of Escherichia coli DH5a 
containing pGEX-2T a2I plasm id was diluted 10 times into fresh LB 
medium. After 1 h of culture, GST fusion protein or wild type GST 
production was induced by adding 0.1 mM isopropyl-l-thio-3-D-galactD- 
pyranoside in culture medium and continued culture for 5 h at 37 Q C. 
Protein was extracted from bacterial suspension in PBS (1-2% volume 
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of the- original culture; by snnieation. GST-o:23 nr G.ST was purified from 
the bacterial (extract by glntathiont--n£arotit:- (sulfur linkage; tSifmmi 
chromatography. G8T-u2I or CIST war- el u ted with 5 ir..M reduced ma- 
th a me in 50 ir,M Tris/HCl. p.H 7.5. 

^ i n ding of OS T~ t ( 21 i t * Imnn >£> Uizvd Lig a / 1 a — We lis of fK>-\vt;l] jil asi.it: 
plates (Immulon *!} were coated with collagen inn tail, type 1, JO n^/ml 
PHS.j (Collaborative Research. Bedford, MA) a1 4 "C overnight. Remain- 
ing protein binding silos wore blacked by incubating with 0.1 ( A. BSA 
! crystal) ( Galbiochem ; for 1 h at room temperature. GST-i*21 and wild 
i y ] >o O ST we re 1 " ! 1 - 1 a i h; 1 e d u.si u & i o riobe a d s ( P i e r ce f a ec o rd i n g to m ami- 
facturer ; ." instructions. Free ""'I was removed by gel nitration on Soph- 
ado; G-25 (Pharmacia Biotech Inc.*. Specific radioactivity was approxi- 
mately .2. 'J >: 10* and .1.8 x 10" cpin/mg of protein for GST-ft21 and wild 
type GST, respectively -labeled GST-reill and wild typo GST at the 
indicated concentrations were incubated with collagen -coated plastic: in 
51) ul of lie pes -buffered saiine iHBS) fl.O m.M Hopes, 0.15 m NaCK plrl 
7 A) supplemented with 0.3% 'BSA and incubated for up to M h at room 
temperature. After washing with HBS with 0.19/ BSA. hound protein 
was quantified by measuring the- radioactivity on the plastic. Colktgen 
at 10 jjg/'ml concentration on coated wells gives saturated binding of 
GST-(.t2I: the increase of the concentrntion to 100 ug/ml does not sig- 
nificantly increase the GST- tx 21 binding. 

Binding of l£A J -labclsd Coliugtm in GST Fusion Protein Immobilized 
to Cluiath ion<' 'agarose — Collagen type 3 was ^'j -labeled using iodo- 
beads as, previously described <44). Free — a .T was removed by extensive 
dialysis against 0.05 m acetic acid. Specific, radioactivity is approxi- 
mately 2.7 x TO* tpm/mg of collagen protein. Purified GST fusion pro- 
teins were subjected to gel filtration chromatography to remove gluta- 
thioneand incubated with glutathione-agarose at. room temperature for 
.3 h in PBS. GST .fusion protein-glutathione-agarose complex was 
washed with HBS with 0.1% KSA. The amount of protein adsorbed was 
determined by the difference of protein before and .after incubation. The 
GST fusion protein-GSB -agarose complex (87 r ug of GST fusion 
.protein per .10 pi of packed volume of heads) was incubated with l2J T*- 
labeled collagen (7-2 tig) in HBS -with Q.VZ- BSA (iota! 100 ul of incu- 
bation mixture) at .room temperature for 8 b. Free and bound collagen 
was separated by eentrifuging after loading the incubation mixture on 
.top of "20^ (w AO sucrose in HBS with 0.1% BSA. The radioactivity in the 
sediment' was m e asu red , 

Adhesion of CHO Cclix to Collagen — Wells of 9 6- well microliter 
plates (Immulon -2. Dynatech Labs.. Inc.. Chan thy. VA) were coated 
with type I collagen f .10 ug/m!) at -3 overnight. The other protein 
binding sites were blocked by incubating with l r /r iw/vj bovine serum 
albumin (Galhtochem) for 30 ruin at room temperature and washed 
twice with PBS (10 mw phosphate. 0.1.5 m NaGL pH 7.4). Cells were 
harvested with 3-5 mM'EDTA in PBS and washed twice with Dulbccctvs 
modified Eagle's medium. 10 fr cells (in 100 ui of \Dulbecctfs modified 
Eagle's -medium) were added to each well and incubated for 1 h at 37 a €. 
The wells were rinsed with. PBS three times to remove unbound cells, 
and bound cells -were -quantified by assaying endogenous phosphatase 
activity (45). 

Other Methods — Site-directed mutagenesis was carried out by- 
unique . si te el im i n a t i on wi th d a u bl e - st rai i ded ve c tor (4 6). 

RESULTS AND DISCUSSION 

Expression of the Recombinant 1 Domain Fragment (GST- 
a21) — A. cDNA fragment containing the 1 domain was obtained 
by PGR amplification :and -subclone d into pG'EX-2T vector. The 
fusion protein was expressed in E. coli L)H5a and purified from 
bacterial extract by GSH affinity chromatography. The purifitid 
protein migrated as a 45-k"Da protein band on SDS-polyacryl- 
arnide gel electrophoresis under reducing; and non reducing con- 
ditions (Fit;. 1). We first examined the reactivitv of function- 
blocking anti-o:2 mAbs to the GST-tt21 fusion protein. We 
previously found that the function -blocking anti-a2 mAbs 
(12F1 ? 6F1, 5ES, AA10, P.1B6, P4B4 f PlH5 r RMACIX) recognize 
a small region within the 1 domains (36>. All the mAbs listed 
above recognize the GST-a2I using enzyme -linked immunosor- 
bent assay but not wild type GST. Nonfunction-blocking 
anti-u-2 mAb HAS-3 or HAS-4 does not bind to GST- u2 1 (data 
not shown.*. These findings are consistent with the previous 
conclusion that the I domain is responsible for ligand binding 
(36) and suggest that the recombinant 1 domain may be prop- 
erly fo 1 d ed and pro b ab ) y m a i n tai n s an o\- e ra 1 1 con for m a ti o n 
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Pit;. 1. Glutathione S- transferase «2 I domain fusion proteins 
(wild type and mutants) and wild type GST. A cDNA fragrnieni- of (i2 
subunit f residues 1.24- i»3a. wild type and mutants) was obtained by 
PGR amplification and subcloned into pGKX-2T vector <4Mi. The trlut:i- 
■tliione ,S*-transfora?it- a2 I domain fusion proteins and wild type GST 
were synthesized in K. coll. extracted from bacteria, and purified by 
affinity chroma to iiraphy oi*( ^luiathiionf '-agarose. Bound protein was 
el u ted by 5 m.M reduced glutathione ni 50 iiim Tris/HCl 7 pH 7.5. El u ted 
materials were Mnuly/.ed by SDS-gei electroptie-resis using 10% gel and 
staining with Coomitssie Blue. Lam: L_ wild typo GST f'M r . about 
.23,000); ieuie. 2, GST-a2 1 domain ("M„ about 45,000); lam: .3. GST- 
a21(D151A) mutant: lane 4. GST-«2KD254A> mutant; lane 5, GST- 
u21(T22.lA» mutant. The diflerence (22,000) between GST and GST 
fusion proteins corresponds to 212 amino acid residues of the 1 domain. 
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Fig. 2. Time course of binding of J2f, I -labeled GST-a2I fusion 
protein to immobilized substrates. GST- a2l fusion protein was la- 
beled with iising iodoheads (Pierce) following instructions of the 
manufacturer. 'Concentration, of substrates used for coating was 10 
ug/rnl PBS. m 1-G8T-u2T (50 hm) was incubated with substrates in 50 pi. 
of HBS (10 mM .Hepes, 0.15 :m ivaCL pH 7 A) supplemented with 0.!'^ 
BSA in microtiter wells at room temperature up to 3 h. I>ala are shown 
as means z: S.D. of tripl icate experiments. '/^A^Tibronectin; />A ? > lam in in. 

similar to that found in the whole transmembrane receptor. 

Binding of the Recombinant J ' Domain .Fragment to Immobi- 
lized Collagen Type J — We studied the interaction between E2r T- 
labeled GST-a2I and collagen immobilized on plastic. Fig. 2 
shows that the rj "J -labeled GST-a'2I fusion protein interacts 
with collagen but -not -with BSA. Control ,l2n l- 'labeled wild type 
GST did not show significant binding to either collagen or BSA. 
The binding of GST-tv21 is .in proportion to the incubation time 
(at least to 3 h). The GST-o:2I fusion protein did not show 
.significant affinity to fibronectin, laminin (Fig. 2). fibrinogen, 
and vitronectin (at .10 ug/ml coating concentrations). 12i *I-GST- 
a'2.1 binding to collagen was almost completely blocked by the 
anti-^i.2 mAbs that block, collagen binding to a2pl (6P.I and 5E8 
at 10 ug/ml concentration) and by a 50 -fold molar excess of cold 
GST- a 21 but not by the anti-a2 in Ab that does .not block colla- 
gen binding to a2^1 (12FI at 3 0 pg/inl concentration). These 
data indicate that the GST-u21 binding to collagen .is specific. 
The binding of GST-a2I as a function of collagen concentration 
usecl for coating" wells was examined. Collagen concentration at 
10 ug/ml on co ati n g we 1 1 s gi ves maximal b i n d i n g of G SI -cv2 J 
(data not shown). 
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Fig. 3 shows the binding of GST-a2I to collagen as a function 
of increasing concentration of GST-o.21. Nonspecific binding of 
125 I-GST-a2I obtained in the presence of a 50-fold molar excess 
of cold GST-a2l was less than 10% of the total binding and was 
subtracted from the total binding. The concentration of GST- 
a2I that gave half-maximal binding is calculated as 5 x 10~ 7 m. 

The data indicate that the recombinant I domain fragment 
specifically interacts with collagen. The specificity of the bind- 
ing was established by showing that 1) GST-a2I does not sig- 
nificantly bind to BSA as negative control for ligand, 2) func- 
tion-blocking anti-a2 mAbs block the binding, and 3) excess 
cold GST-a2I blocks the binding of U5 I-GST-a2I to collagen. The 
concentration (5 x 10" 7 m) of GST-a2I that gave half-maximal 
binding to collagen is comparable with the K d values for fi- 
bronectin in binding to fibroblasts or platelets (8 x 10" 7 m and 
2.2 x 10' 7 m, respectively) (47, 48). K d values for a201 integrin- 
collagen interactions have not been reported. These results 
indicate that the I domain portion of ct2 is sufficient for high 
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Fig. 3. Binding of GST>a2I to collagen as a function of GST-o2I 
concentration. 126 I-GST-a2I at increasing concentrations was incu- 
bated with collagen-coated plastic. Incubation was carried out at room 
temperature for 1 h. Collagen type I (10 ug/ml PBS) was used for 
coating. To obtain nonspecific binding, a 50-fold molar excess of cold 
GST-a2I was added. Data are shown as means ± S.D. of triplicate 
experiments. The concentration of GST-a2I that gave half-maximal 
binding is calculated as 5 x 10' 7 m using a double reciprocal plot. 


affinity collagen binding. There is a possibility that distinct 
binding sites on c*2/31 are involved for collagen and laminin 
since GST-a2I did not bind to laminin. 

Divalent Cations and EDTA Do Not Affect the Collagen Bind- 
ing to the Recombinant I Domain Fragment — Ligand binding 
characteristics of GST-a2l were further analyzed to determine 
if the recombinant I domain has the binding characteristics of 
intact a2fil integrin. Mg 2 * or Mn 3 * are required for and Ca 2 ^ has 
an inhibitory effect on collagen binding of a2)31 integrin. We 
examined the divalent cation requirement for the GST-a2I- 
collagen interaction. Fig. 4 shows that the addition of exoge- 
nous Mg 2 *, Mn 2 ^, or Ca 2+ has no effect on the collagen-GST-a2I 
interaction. Notably, EDTA (up to 5 min) does not inhibit the 
interaction. These findings strongly suggest that the actual 
collagen binding is not divalent cation-dependent, even though 
a2/31 whole heterodimer requires Mg 2 * or Mn 2+ for ligand bind- 
ing. These data indicate that Mg 2 * or Mn 2+ may be involved in 
the maintenance of an active conformation of the a2/31 het- 
erodimer (or in regulating the accessibility of the ligand bind- 
ing sites to collagen) but not in the actual collagen-I domain 
interaction. It is not likely that divalent metals are so firmly 
associated with the I domain that the association is resistant to 
EDTA treatment because 1 hclm EDTA completely blocks colla- 
gen binding to a2/31 heterodimer. 

Mutations of Asp- 151 and Asp-254 That Completely Block 
Ligand Binding of a2$l Do Not Completely Block Collagen 
Binding to the Recombinant I Domain Fragment — Divalent cat- 
ion binding to the I domain of aM has been reported, and 
Asp- 140 and Asp-242 appear to be critical since mutation of 
these residues to Ala blocks divalent cation binding to recom- 
binant aM I domain fusion protein (37). Mutations of these 
residues block binding of iC3b to integrin oM/52 probably due to 
blocking of divalent cation binding to the aM I domain (37). We 
already reported that mutations of Asp- 151 and Asp-254 of a2 
corresponding to Asp- 140 and Asp-242 of aM completely block 
the binding of a2£l to collagen (36), suggesting similar ligand 
binding mechanisms between a2 and aM I domains. 

We examined the effects of mutating Asp- 151 and Asp-254 to 
Ala (designated D151A and D254A, respectively) in the a2I 
fusion protein, a2I fusion proteins with DISlAand D254A (des- 
ignated a2I(Dl5lA) and a2I(D254A), respectively) were pre- 
pared and tested for collagen binding. Fig. 5 shows that D151A 
mutation has no effect on collagen binding, while the D254A 
mutation inhibits partially. These findings show that Asp- 151 


1 .0 


Fig. 4. Divalent cations or EDTA do 
not affect GST-o2I binding to colla- 
gen type I. Ca 2 *, Mg 2 *, Mn 2 *, and EDTA 
(1 rim) were added to the incubation mix- 
ture (50 nM ^I-GST-o^I in 50 ul of HBS 
supplemented with 0.1% BSA). After in- 
cubation for 3 h at room temperature, 
bound GST-a2I was determined. Data are 
shown as means ±. S.D. of triplicate ex- 
periments. 125 I-labeled wild type GST 
does not bind to collagen. BSA doeB not 
support binding of GST-oc2l. 
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Fig. 5. The effects of D151A, D254A, and T221A mutations on 
collagen binding function of GST-o2I fusion protein. GST-a2I 
fusion proteins with D151A, D254A, and T221A mutations were pre- 
pared as described under "Experimental Procedures." The fusion pro- 
teins were coupled to glutathione-agarose and incubated with 12fi I- 
labeled collagen for 3 h at room temperature. The radioactivity bound to 
the fusion proteins was measured. Data are shown as means ± S.D. of 
triplicate experiments, wt, wild type. 

(and probably Asp-254 as well) are not critical in collagen bind- 
ing to the a2l fusion protein while they are critical for the intact 
receptor. The data suggest that Asp- 151 is probably not in- 
volved in the actual binding to collagen, but in the regulation of 
binding to a2£l, for example, via effects on accessibility of 
ligands or maintenance of active conformation of the true li- 
gand binding site. These effects are likely to be mediated 
through binding of divalent cations to the I domain. We do not 
rule out the possibility that Asp-254 is involved in the direct 
ligand binding since D254A mutation partially blocks the bind- 
ing of GST-a2l to collagen. The ligand binding functions of the 
wild type and mutant aM I domain fusion proteins have not 
been reported. 

Alanine-scanning Mutagenesis of the I Domain (Thr-221 
within the Putative Ligand Binding Site Is Critical for Collagen 
Binding) — We previously identified a small region within the I 
domain (residues 173-259) as the putative ligand binding sites, 
based on the fact that it is recognized by function-blocking 
anti-a2 mAbs (36). We introduced point mutations (to Ala) 
within and around the putative ligand binding sites. Mutant a.2 
cDNAs were used for transfection of CHO cells and selected for 
G418 resistance. Most of the mutant a2 constructs were stably 
expressed on CHO cells, except for D145Aand D259A mutants, 
which were not expressed at all. Fig. 6 shows collagen binding 
of the a2 mutants expressed as percentage of cells adherent to 
collagen per percentage of human a2 positive cells (normalized 
collagen binding) with the population of G418-resistant CHO 
cells. In most cases, percentage of ct2 positive cells and percent- 
age of adherent cells to collagen correlate (normalized collagen 
binding between 0.7 and 1.3), suggesting most mutations do not 
have significant effects on the collagen binding of a201. Only 
T221A mutant shows very low normalized collagen binding 
(approximately 0.25). a2(T221A) is stably expressed on CHO 
cells and reacts with all the anti-a2 mAbs tested (AA10, P1H5, 
5E8, P4B4, and RMACll). We further tested the adhesion 
properties of T221A mutant a2 with cloned a2(T221A) CHO 
cells. Table I shows that the T221A mutation of a2 completely 
blocks adhesion of CHO cells to collagen with homogeneous 
a2(T221A) CHO cells, although the nearby D219A mutation 
does not affect the adhesion to collagen. 

We tested the collagen binding of GST-a2I fusion protein 
with T221A mutation (a2I-T221A). a2l-T22lA fusion protein 
binds to collagen only weakly (Fig. 5). The data suggest that 
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Putkttvft tlpind binding r*glon 



Mutations 

Fig. 6. The effects of substitution of amino acid residues of the 
I domain on collagen binding of a2pl on CHO cells. Amino acid 
residues were substituted with Ala except for Cys, which was replaced 
with Ser. CHO cells stably expressing wild type (wt) or mutant a2 were 
analyzed for expression of human a2 using flow cytometry with mAb 
5E8 and for adhesion to collagen (type I). Cell adhesion to collagen was 
carried out in triplicate experiments. The data are expressed as per- 
centage of collagen bound cells per the percentage of a2 positive cells. 
CHO cells expressing a2(T221A) show background level adhesion to 
collagen (approximately 10%), despite the fact that approximately 40% 
of cells are 5E8 positive. mAb 12F1 instead of 5E8 was used for 
a2(R242A) mutant. 

Table 1 

The effect of D219A and T221A mutations on collagen binding. 
Numbers in column 2-4 represent percentage of bound cells (± S.D.) 
to plastic coated with proteins indicated. Percentage of positive cells 
and mean fluorescence intensity with control mouse IgG to each cell line 
was 0.6-2.2% and 2.7-4.3, respectively (background level). The reactiv- 
ity of the mAbs (BF1, P1H5, RMACll, 5E8, P4B4, AA10) is not affected 
by these mutations. 



10 ug/ml 
collagen 

10 ug/ml 
fibronectin 

Bovine 
serum 
albumin 
only 

%of 
positive 
cells with 
mAb 5E8 

Mean 
fluorescent 
intensity 

CHO cells 

11.9 ^ 0.8 

93.6 ± 2.5 

5.5 ± 0.9 

3.5 

4.2 

T221A q2 

10.2 - 0.6 

82.1 * 3.5 

2.5 * 0.1 

98.5 

237 

D219A a2 

92.0 ± 2.7 

99.1 ± 1.0 

3.3 ± 0.3 

98.7 

296 

Wild type a2 

80.6*1.6 

92.5 ± 1.4 

2.5 -: 0.8 

82.1 

56 


Thr-221 (and probably a region containing Thr-221) is critical 
for collagen binding both for c*2/31 on CHO cells and for the 
purified GST-a2I fusion protein in contrast to Asp-151 and 
Asp-254, which are critical for a 2/31 but not for the I domain 
fragment. The data are consistent with the previous conclu- 
sions that a small region of the I domain (173—259) contains the 
ligand binding sites (36). Since Thr-221 is conserved among I 
domains (22), it is possible that this residue is critical for li- 
gand-I domain interactions in general. It will be interesting to 
examine if the corresponding Thr residues of other I domain- 
containing proteins (e.g. a 101, otL/32, arM/32, aX02, von Wille- 
brand factor, cartilage matrix protein, ccE/37) are involved in 
ligand binding and if divalent cations are required for the bind- 
ing of ligand to the other I domains. 
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We report here the analysis of potential ligand binding 
domains within the human integrin ol 1 sub unit, a known 
coUagen/laminin reeeptor. This integrin is effectively 
blocked by the mouse monoclonal antibody 1B3.1. A 
truncated version of the al subunit lacking the NIL,- 
terminal half of the extracellular domain is not recog- 
nized by monoclonal antibody 1B3.1. Furthermore, we 
have isolated a cDNA containing the I domain from 
chicken a, bearing significant homology to the human 
and rat cr 1 sequences. Replacing the human I domain 
with its chicken counterpart led to the surface expres- 
sion of a functional heterodimer with endogenous 
mouse 0t on NIH 3T3 cells. However, 1B3.1 does not bind 
to the chicken/human chimera, demonstrating that the 
human a t I domain is required for epitope recognition. 
Mutation of Asp 253 within the I domain to alanine re- 
sulted in surface expression of an a(? heterodimer rec- 
ognized by 1B3.1 but with markedly reduced binding to 
collagen IV or laminin. Since a previously reported mu- 
tation of a homologous Asp in the Mac-1 I domain has 
similar consequences, these results suggest a central 
role for the I domain in ligand recognition for all inte- 
grin a subunits containing this domain. 


Integrins, a family of cell surface receptors, have a promi- 
nent role in cell-cell and cell -matrix adhesion events important 
for processes such as embryonic development and morphogen- 
esis, hemostasis, and thrombosis, wound healing, metastasis, 
and leukocyte helper and killer function. Integrins recognize a 
wide variety of ligands including extracellular matrix proteins, 
serum proteins, and counter-receptors on other cells. 

Integrins are expressed as heterodimers composed of non- 
covalently associated a and 0 subunits. At least 15 distinct a 
and 8 distinct /3 subunits have been identified and the dimers 
formed between them are divided into classes based on their /3 
subunit (1). The a subunits, which have a repeating modular 
structure, can be separated into two groups, with the exception 
of a 4 (2). The first type of a subunit has a post-translational 
intrachain cleavage and four discrete metal binding domains, 
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each contained within a repeat. The other form has an inserted 
or I domain of 210 amino acids (3), found between repeats 3 and 
4, which interrupts the modular structure, and has three dis- 
crete divalent cation binding sites within repeats 5—7. There 
are five a subunits, a a , a 2 , ac^.,, a MBC l , and ct pl50 which belong 
to this distinct subset of integrins. 

Most integrin receptors can interact with several different 
ligands while individual ligands can be recognized by various 
heterodimers. Fibronectin (FN), 1 for example, is a ligand for at 
least 8 different integrin receptors. The specificity of receptor- 
ligand interaction is provided by both the a and the /3 subunits, 
as shown by the a v containing integrins which recognize differ- 
ent ligands depending on the /3 subunit present (4—6). Further 
ligand recognition complexity is provided through the ability of 
cells to regulate the activation status of their integrins through 
inside-out signaling (7—9). 

Integrin domains involved in ligand recognition have been 
found in both a and /3 subunits and there is a relationship 
between ligand and divalent cation binding sites. The role of 
the (5 subunit in ligand binding has been demonstrated by 
cross-linking RGD peptides (the major cell binding motif in FN) 
to a region spaiining residues 109—170 in the J3 3 subunit of the 
integrin gpllb/llla (10, 11). The first 20 amino acids of this 
region are particularly interesting because of the high degree of 
conservation among /3 subunits. In addition, this region may 
also contribute to divalent cation binding. Loftus et al. (12) has 
shown that mutations in this region which would disrupt j3 3 
cation binding have dramatic effects on ligand binding as well. 
Furthermore, Takada et al. (13) have mutated the correspond- 
ing aspartate residue in the /3j subunit, perturbing ligand bind- 
ing. Last, epitope mapping of blocking antibodies to the /3j 
subunit show that the region bound by antibody is very close to 
the putative RGD binding domain (14). 

Cation binding domains within a subunits have been impli- 
cated in ligand binding in several cases. Studies on the a m 
integrin subunit showed that peptides derived from the second 
metal binding domain (within repeat five) could compete with 
the intact receptor for fibrinogen binding and that an aspartate 
residue was required for this effect (15). Similarly, mutation of 
cation binding domains within ct 4 /3j had significant effects on 
the binding of this integrin to its ligands (16). 

Recent work has suggested that these divalent cation bind- 
ing regions are not exclusively responsible for ligand recogni- 
tion by a subunits. A number of experiments strongly implicate 
the I domain in ligand recognition. Very recently, the role of the 
I domain in binding divalent cations has been demonstrated. 
Expression of this domain as a bacterial fusion protein led to 


1 The abbreviations used are: FN, fibronectin; Col IV, type IV colla- 
gen; LN, laminin; PAGE, polyacrylamide gel electrophoresis; PCR, po- 
lymerase chain reaction; DMEM, Dulbecco's modified Eagle's medium; 
PBS, phosphate-buffered saline; mAb, monoclonal antibody. 
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the recovery of a protein fragment capable of binding several 
divalent cations (17). In addition, mutation of an aspartate 
residue within the I domain of full length a Mac .j led to a receptor 
with impaired ligand binding properties. Furthermore > Dia- 
mond et al. (18) has shown that a large number of a subunit 
blocking antibodies bind to the I domain of a Mac . r 

The I domain has been implicated in collagen binding by 
integrins based on sequence homology of this region with col- 
lagen binding domains of Von Willebrand factor (19). In this 
stud} T , we identified the domains of the human a 3 subunit in- 
volved in the function of the afiy integrin as a receptor for 
collagen IV (Col IV) and laminin (LN). We then demonstrated 
that the epitope of a function blocking antibody, 1B3.1, can be 
mapped to the I domain and that mutagenesis of an aspartate 
residue within the I domain led to a marked reduction in ligand 
binding. 

EXPERIMENTAL PROCEDURES 

Site-directed Mutagenesis and Plasmid Construction — Restriction 
enzymes and polynucleotide kinase were purchased from New England 
Biolabs, T4 DNA ligase from Life Technologies, Inc., and Tag polymer- 
ase from Boehringer Mannheim. Standard recombinant DNA methods 
were used (20). Oligonucleotides were purchased from Operon Technolo- 
gies (Alameda, CA). The construction of the ajNA538 truncated form of 
the a j subunit is described elsewhere. 2 

Isolation of Chicken I Domain Sequence — Total RNA was prepared 
from chicken gizzards from day 12 embryos as described elsewhere (21). 
One pg of poly(A)* mRNA was isolated by elution from oligo(dT)-cellu- 
lose (Pharmacia Biotech Inc.). This mRNA was used to synthesize ran- 
domly primed cDNA by standard methods (22), and treated with RNase 
prior to PCR using the following oligonucleotides: sense, 5'-AA(A/G>- 
GA(A/G)-AA(C/T)-ATG-ACI-TT(C/T)-GG-3'; antisense, 5'-CCI-AIC- 
ATI-ACC-CA(G/A)-TC(T/C)-TG-3\ The resulting PCR fragment of 853 
base pairs was cloned into the Smal site of pBluescript (Stratagene, La 
Jolla, CA) and sequenced using Sequenase (U.S. Biochemical Corp., 
Cleveland, OH). The portion of the cDNA corresponding to the chicken 
I domain was exchanged for the human I domain using overlapping 
PCR (23). The oligonucleotide for the sense strand is: 5'-CCT-GTA-CAA- 
GAA(human)-TGT-AAA-ACC-CAG-TTG-GA(chicken)-3 ' ; for the anti- 
sense strand, 5'-GCC-AGT-CTG-AGA(human)-CAT-TTC-CAT-TTC- 
AAA-TGA(chicken)-3\ The linked fragment was cut with AccI and Anal 
and ligated into the human a, cDNA to reconstitute a full-length cDNA 
in pLEN. The amino acid sequence of the transition points within the 
chimeric tx x subunit and the position number of the mature protein 
(according to Briesewitz et al. (24)) for the human a a sequence and Fig. 
2A of this article for the underlined chicken sequence) is: 
PVQE" 8 C 52 KTQLD FEMEM 2gl S 350 QTGF. 

Construction of I Domain Point Mutation — A point mutation, G^AT 
to G MB CT, leading to an Asp 253 — * Ala amino acid substitution within the 
human a r I domain was introduced using oligonucleotides and overlap- 
ping PCR, cloned into the full length pBluescript cDNA via Apal 
and Accl and then cloned into the expression vector pLEN. The fidelity 
of all regions amplified by polymerase chain reaction was verified by 
sequencing. 

DNA Transfections — NIH 3T3 cells were maintained in DMEM with 
10% calf serum 5 x 10 6 cells plated the previous day were co-transfected 
with 20 ug of integrin plasmid and 2 ug of pSVneo (25) as a calcium 
phosphate precipitate as previously described (26). After 3 days, the 
cells were split 1:20 into DMEM supplemented with 10% calf serum and 
1.0 mg/ml G418 (Life Technologies, Inc.). After 10-14 days, G418-resist- 
ant clones were isolated and screened by immunoprecipitation. 

Antibodies — Rabbit anti-/3j cytoplasmic peptide serum was prepared 
as described elsewhere (27). Monoclonal anti-human a, (TS2/7) was a 
gift of T. Springer (Harvard Medical School). Monoclonal anti-human a l 
1B3.1 was prepared as described elsewhere (28). 

Radiolabeling and Immunoprecipitation — Cells were labeled with 
Na l25 I (NEN-DuPont) and lactoperoxidase as described previously (29). 
10 7 cells and 1 mCi/ml were used per experiment. The cells were washed 
three times with PBS and extracted with 0.5% Nonidet P-40 and im- 
munoprecipitation as described elsewhere (27). 

SDS-PAGE was performed according to Laemmli (30). Separation 
gels were 7.0% acrylamide with a 3% stacking gel. Samples were pre- 


2 L. Smilenov, R. Briesewitz, and E. E. Marcantonio, manuscript in 
preparation. 


pared in sample buffer (5% SDS, 100 nui Tris-HCl t pH 6.8, 10 mM EDTA, 
10% glycerol, and bromphenol blue) and boiled for 3 min. 

Affinity Chromatography — The CB3 fragment of human coDagen 
type IV was prepared and coupled to Sepharose as described elsewhere 
(31). 3T3 cell lines were surface labeled with 125 I. Cell extracts were 
prepared using 50 mw 0-octyl glucoside in 50 min Tris, pH 7.5, 150 mM 
NaCl, 1 mM MgCl 2 , 1 mM MnCl 2 (TMM). After a 10 min incubation on 
ice, insoluble material was removed by centrifugation at 10,000 xg for 
20 min. Four-fifths of the resulting supernatant was incubated batch- 
wise with 100 pi of beads (CB3-Sepharose) for 1 h at 4 °C with end- 
over-end mixing. The beads were recovered D3' sedimentation and 
washed four times with 50 mM 0-octyl glucoside in TMM, followed by 
elution with 1 ml of 50 mM j3-octyl glucoside in TMM containing 20 mw 
EDTA. This eluate was immunoprecipitated with rabbit anti-/3 3 cyto- 
plasmic peptide serum and compared with an immunoprecipitate of Yio 
of the cleared extract, followed by SDS-PAGE. 

Cell Adhesion Assays — Adhesion assays were done essentially as pre- 
viously described (32). Adhesive proteins were diluted in 0.1 m acetic 
acid (Col IV) or water (FN, LN) and dried down in microtiter wells at 
room temperature. After washing with PBS, remaining protein binding 
Bites were blocked with heat treated bovine serum albumin (1% in PBS). 
Cells were suspended in serum-free DMEM (4—5 x 10 5 /ml) and incu- 
bated for 30 min at 37 °C. Nonadherent cells were removed by washing 
with PBS, and bound cells were fixed with 70% ethanol and stained 
with crystal violet (0.1% in water). Excess stain was removed with 
water. Bound color was dissolved with Triton X-100 (0.2% in water), and 
the optical density was read at 595 nm. 

For inhibition assays, cells were preincubated for 10 min at room 
temperature with mouse anti-human a x mAb 1B3.1 (28) diluted 1:200 in 
DMEM, or with 5 mw EDTA in DMEM and then transferred to wells 
coated with LN or Col IV (see figure legends for respective amounts). 
After 30 min at 37 °C, nonadherent cells were removed and bound cells 
fixed and detected as described above. All experiments were done in 
triplicate. 

RESULTS 

Epitope Mapping of Function-blocking Anti-a 1 Monoclonal 
Antibody — We began our investigation of putative ligand bind- 
ing domains within the human subunit by mapping the 
epitope of the function blocking mAb 1B3.1 (28). This mono- 
clonal antibody completely blocks a i -dependent adhesion to Col 
IV and LN (33), the primary ligands for jSj . We had previously 
developed two NIH 3T3 mouse fibroblast cell lines which were 
useful for this analysis. One NIH 3T3 line, HA1, expresses the 
wild type human a l subunit in a complex with the endogenous 
mouse 0j subunit (24), while the other 3T3 cell line, called 
ajNA538cyt, expresses a truncated form of human a„ which is 
expressed as a monomer, and is missing the ami no-terminal 
half of the extracellular domain. 2 We compared the reactivity of 
the blocking antibody 1B3.1 and the non -blocking antibody 
TS2/7 toward the truncated and full length human ct 1 subunits 
expressed in 3T3 cells. Both cell lines were surface labeled with 
Na 125 I and a detergent extract was immunoprecipitated with 
rabbit anti-/3j cytoplasmic peptide serum (Fig. 1, a and d) and 
the two mouse anti-human 0^ monoclonal antibodies (Fig. 1, b 
and e, TS2/7; c and f % 1B3.1). HA1 cells express the human a t 
subunit in a dimer with endogenous mouse /Sj as shown by 
co-precipitation of p x with a 2 specific antibodies (Fig. 1, b and c). 
o^NASSScyt cells express the truncated form of a 1 on the sur- 
face, precipitated with TS2/7 (Fig. le), but /3 2 is not coprecipi- 
tated and precipitation of the j3, integrins does not show the 
truncated a 1 chain (Fig. Id), indicating that this subunit does 
not dimerize with the endogenous mouse /Jj subunit. 2 The non- 
blocking antibody TS2/7 reacts equally well with the full-length 
and truncated forms of (Fig. 1, b and e), indicating that the 
recognized epitope is within the COOH-terminal extracellular 
part of a r In contrast, the blocking mAb 1B3.1 does not recog- 
nize the truncated form of a v while effectively recovering intact 
a,j3j (Fig. 1, c and /*). These results strongly suggest that the 
region recognized by this blocking antibody is within the NH 2 - 
terminal portion of the extracellular domain. 

In cell adhesion assays (not shown) we demonstrated that 
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Fig. 1. Expression of full length and truncated human a, sub- 
units in mouse NIH 3T3 cells. Extracts of surface 1 labeled HA1 
io-c) or «lNii538cyi id and i?) were incubated with rabbit anti-jS, cyto- 
plasmic peptide serum vu and d), mouse monoclonal anti-human a 3 
antibody TS2/7 (/» and e), or mouse monoclonal anti-human ct } antibody 
2B3.1 (c and /"). Imrnunoprecipi tales were recovered by the use of pro- 
tein A-Sepharose (a and d) or .goat anti-mouse agarose ffe..c. e, and /"). 
followed by analysis using SDS-PAGE and autoradiography. A het- 
erodimer consisting of human a, and mouse p 1 , was recovered from HA1 
cells. The truncated form of « t from «lNA538cyt cells reacts with TS2/7 
but does not dimcrizc with mouse mAB 1B3.1 does not react with the 
truncated o ; subunit.. 

cells expressing the truncated o , 1 chain bind poorly to Col XV 
and LN. similar to the parental 3T3 fibroblasts. This property 
is in contrast to HA1 cells, which adhere to Col IV in an a^- 
dependent manner (33). 

Isolation of the Chicken, a } J Domain — The region of <x x which 
is missing in the ttjNA53S construct includes repeats 1—4, the 1 
domain* repeat 5, and the aj-specific cystine-rich region. Since 
there is evidence from studies of the p\> integr'ins that the I 
domain may be recognized by ligand blocking antibodies (18), 
we decided to use 'the T domain from chicken a, to determine if 
the presence of the human a 3 1 domain was required for recog- 
nition by IB 3. To examine this possibility, we isolated a partial 
cDNA for chicken a } from mKNA using reverse transcription 
followed by PGR using degenerate oligonucleotides derived 
from the human u^ sequence (sec "Experimental Procedures 57 
for details). This cDNA was cloned and sequenced. 

We. compared the deduced chicken a. protein sequence with 
the published sequences of the human (24) and rat a. protein 
(34) and found that S3% of the amino acids are identical. Fig. 2 
shows the sequence of the partial chicken cDNA clone and a 
comparison with the corresponding human .« a sequence (Fig. 
2B). Overall the sequences are significantly homologous with 
onl\ ? rare n on conservative substitutions. 

As described under "Experimental Procedures." we ex- 
changed the chicken 1 domain for the corresponding region in 
the human o 3 sequence and reconstituted a full-length a, sub- 
unit. This chimeric cDNA in an expression vector was co- trans - 
fected into NIH 3T3 mouse fibroblasts with a plasmid for neo- 
mycin resistance. A 3T3 cell line (called cID) expressing the 
chimeric protein was isolated and compared to HA1 cells ex- 
pressing the wild type human a } subunit. Both lines were sur- 
face labeled with Na 1:!r *l and detergent extracts were immuno- 
precipitated with rabbit anti-j3j cytoplasmic peptide serum 
(Fig. 3, c and/") and mouse monoclonal TS2/7 (Fig. 3, a and d). 


A 

h l ACAACGTTACTCACTAA;: CCA AA ACCACGLTTTCrGGCATGTGGACCGVTCTATGC'rT AT £ C- 

1> 2 1 "-' '.. V T I) F K G G F I, A C G i I. "V A. y 2C> 

ii Ci AAATGTGGaCGrTTv'^ATTACACnACTGGAGT-TOwTC^AATGTnASrTCr.^CTTrTOAA \20 
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ii 121 AG TG T G A A GC C AC T " C CTCC ATC CGI' AC A A G A G 7 G T A AA AGO C A< ITT GG A C AT COT CAT A 1 «C 

b -11 T V K A V A F< S V C E C Y. T O i- U 1 V • CO 

I 

a HI GTCCTTGACGGGTCCAATAGCATTTATCCATGG^AGAGTOTCACAGCCTTCCTTAACAGC 1"S0 

Si V L D C S N S T Y F W E £ V T A F I. t.* £ 60 

H 2<i,l CTTCTGAGAAACATGGATATAGGTCCTCAGCAAACACAGGTTGGAATTCTTCAGTACGGA 300 

b b; l. !, J* " k ej j rj f o 0 * 0 v G 1 V 0 V G 100 

ii 3Q J CAGA^TGTAGTC^ATGAATT^'TACTrGAATACCTACTCAA^AACAGAAGAftviTGATGGAT 360 

1j .101 C 1 T V ■*-■ J* E. F Y L fi T V 5 T T K E V M O 120 

e :io i GCACC<;C7GAGA/iTA-;: l lTCAGAr,GGGTGGGACAC«AACTATGA*JAGCCCTTGGAATAGAT 4 2C 

b 12; A A L P. 1 K C K G G ".' y T K T A X C J . I) ,1*0 

a 42 i ACAGCAAGGGAAGAGGCAT.TTACTGAOGCTCATCiGTGC:ACGAAOAGCiAaTAGAGAAAGTA 460 

L ill T A f f. K A F T £■: A I! G A K H G V Q Jt V 16t» 

* A TG C ! T TAT T G TGA " T GA T GGG G A A T C A G ATG A G A A CT AC A G A TT ACA AG A ACJTG AT TG A 1 ' 0 

fc. i£i M V I V T 1> G F £ H O I.' Y K 1; Q E V 1 D 1 BC 

« 51 : A AG" 3TGAA GAT G A A A AC ATTC AG AGA TTT GC A TCGCT A TT C TTGG C A G CT A C ACC AG A C0C 

Ifil K C E O £ t; : O F A : A 1 ^ G i Y S h 20C 

a tOl GGAAnTTTAAGTACI'GAGAAATTTGTAGACGAAATAAAATCAATTGCCAGTAAGC^TACT C 6C 

ri 201 G U i. 5 T L K F V F. E : K 5 I A K K I- T 22Q 

A 6C: GAAAACiGATTTCTTCAATGTGTCAGATGAATTACi^TGTrGTAACTATCGTTGrtAGCACTT 720 

ii 22i c k ;i v f r: v s d e j. a i. r : v e a l 

a "21 GGAGAGAGAATATTTGCCCl'TGAAGCAACAACGtiATCAGCAAGGftGGTrCATTTCAAATG "^8 0 

ii 2i I G E 'R t F ALE A T T't> O C A A STEM 2<S0 

x 7H1 GAAATGTGAGAGGCTGGTTTCAGTGCTCATTACTGC. SI"? 

%D 253 K f- *; C A G F S A H y S 2V1> 

B 

Chick i TTIA T T HPKGGriiACCPLi'AVKCGRLH G VCS J •* V S S IT ET VKA VA T E 50 

. f ! t i I I - ! ! f I ! n M I i ! : * i M I M M : M : M • t I : - t . . : ! i If 

humCXi G 9 ST-LVT«PHGGrLACGP:.YAYRCGHl.HYTTGICSDVSP TFQVVNS I AF . VO 2 37 

f 

■v k ^ - * - 

5] ECKTQl.ni VIVLIDGSNS I YPWESVTAFLKSLLRHKDIGPQOTOVGI\'OyG 55 
ti . ! i 1 I I i 1 I I I ! i! { H il : { I f f ! t ! - f I : . ii I II • i M i.i i U M 

138 ECSTCUJi VI VLDGSNS I VP WD S \TA PLK D LLKRKD.I GPKOTQVG I VQYG .J 6 7 


100 QTVVjIErY^HTYSTTEEVlirJAAIiRIRQRGGTOTKTALGIDTARSnArTEA 1 4 5 

: ; K ! 1 i )(.!!.!),!): i i : I MM M i M.N - ! i ! 1 • I 1 Ji I J 
186 EMVTHEFH:J«KySST£EVliVA7iKK IVORGGRCTMTALGTDTARKF. AFTEA 227 


ISO HG ARRGVOK VMV I VTDGESHDN Y RLOEV I BKCEtlEM l^RPA 1 A I LG5YSR 199 

: I j 11 I t . M I ! t I i | I i i ,\ \ I . 1 i - . I i.: . i ! I I M.f I 1 ■ 1 I i f ) i I ■ i 
2 38 RGARRGVKKV.MV.IVTDGESHDMHRl.KKV 2 QDCEOEKIOTFSIAILGSyHR 2B7 

» . * * • 

200 GKLSTKKFVEEIKSIASKPTEKHFFUVSDELALVTIVEALGEKIPALEAT 2AS 

nil! iiinnniii ...j n i rti i ■ t M ti ; iifi .. - 1 i ! e 1 1 1 1 ! 1 1 

230 GNTjSTEKFVEE 1 KS'IRSEPTEKHFFHVSDSLALVTJ VKTLGER IF ALE AT 3 37 

. a 

250 TDQQAASFEMEMSOAGFSAKYS 271 

.It J I 1 i i ii Si 1 . ! 1 I J l.i t 
338 ADQSAASFEMEr-iSCtTGFSAHYS 359 

PiG. 2. A. .nucleotide sequence of chicken a, I-dDniain cDNA and its 
translated amino acid sequence. The isolated cDKA sequence is shown 
in line a and the translated amino acid sequence is shown in the one- 
letter code in line h. The arrows depict the start (Cys Ss } and the erid 
(Met* 52 ) of the chicken sequence in the chimeric vl 1 subunit. B, Align- 
ment of human tt, and chicken a, I domain amino acids. The chicken n, 
amino acid sequence is compared with the human a, sequence using 
BESTFIT program in the GCG package. Identical residues are con- 
nected :by vertical lines. The amino acid position of the mature human 
a, is numbered according to Briesewitz ef ctL (24). 

The results show that the chimeric a A subunit, like its wild type 
counterpart, is expressed on the cell surface as a heterodimer 
with endogenous mouse /3 5 . In contrast, immunoprecipitation 
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Fie. 3. Expression of wild type and mutant human ex l subunits 
in mouse NIH3T3 cells. Extracts or ,3r, I surface labeled HAl <a-c>, clD 
(d and i?). or PM848 cells (j?-/) were incubated with mouse monoclonal 
anti-hurnan a, antibodv TS2/7 fa. cL and fft. mouse monoclonal anti- 
human a- antibody IBS.], (fc, /?. and 7?) or rabbit unti-^, cytoplasmic 
peptide, serum (c, and /}. lmmunoprecipitates. were recovered by the 
use of protein A-Sepharose (c. f t and /) or goai anti-mouse agarose (a. 6, 
rf, e, and h), followed by analysis using SDS-PAGE and autoradiog- 
raphy. A beterodimer consisting of human a % and mouse. £ t is recovered 
from all cell lines by anti-p 1 . and anti a } TS2/7. The monoclonal anti- 
Jhuman », antibody IBS. 1 does not react with the chimeric. a, subunit in 
ciO cells. 

with the blocking antibody :1B3.1 (Fig. 3. b and e) selectively 
recovers the -wild type o-, subunit, while failing to recognize the 
chimeric or -subunit containing the chicken I domain sequence. 
These experiments demonstrate the requirement of the human 
I domain for epitope recognition of the function blocking anti- 
body 1B3.1. 

/ Domain Point Mutation — Recently. Michishita et al. (17) 
have shown that a :metal binding site is contained within the I 
domain of the integrin Mac-1 (CDllb)and that mutations of 
two aspartate residues within that domain abolished ligand 
binding. We decided to test the role of one of the homologous 
aspartate residues contained within the I domain of a r We 
constructed a human a . cDNA where the Asp" r>; * residue was 
changed to an Ala residue. This mutant cDNA in an expression 
vector was co-transfected with a neomycin resistance gene in 
NIH-3T3 cells. A cell line, called PM84S. was isolated and char- 
acterized. PM 84 8 cells were surface labeled with and a 
detergent extract was immunoprecipitated with rabbit anti-0 : 
cytoplasmic peptide serum (Fig. 3/') and the mouse monoclonal 
antibodies T32/7 (Fig. 3&) and 1B3.1 (Fig. Bh). The results show 
that the mutant u subunit is expressed on the surface in com- 
plex with endogenous mouse (3 V Thus, the change of a charged 
amino acid (aspartate) to alanine docs not interfere with the 
ability to dimerize with endogenous pV Immunoprecipitation 
with anti shows a comparable expression of the human a 
subunit and the endogenous mouse or subunits in all three cell 
lines analyzed (Fig. 3 : HAl, cID t an&PM848). 

Ligand Binding by Mutant a Subunits — To test the ligand 
binding capacity^ of the chimeric and mutant a, subunits, we 
performed affinity chromatography experiments, and com- 
pared the results with those using the wild type u, from HAl 
cells. We used the cell binding fragment CB3 of type IV collagen 
(31), covalently coupled to Sepharose. This fragment shows 
high affinity interaction with both and a 2 ^ l integrins (35). 
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Fin. 4. Binding of wild type or mutant forms of to CB3- 

Sepharose. Extracts of m I surface labeled HAl. clD, or PM848 col Ik 
were prepared using /3-octyl glucoside in TMM buffer. One- tenth of the 
extracts were. incubated with rabbit -anii-py cytoplasmic peptide serum 
(lanes a, c. and c). Four-fifths of the extracts were incubated with 
CB3-Sepharose, washed, and eluted with TMM buffer containing- 20 m m 
EDTA. These samples were then immunoprecipitated using rabbit 
anii-£, cytoplasmic peptide serum. lmmunoprecipitates were* recovered 
by the use of protein A -Sepharose and analyzed by SDS-PAGE and 
autoradiography. from HAl and clD binds specifically to CB3- 

Sepharose. No binding of a.J3 Ufrom PM848 cells was observed. 

When detergent extracts of surface labeled HAl or clD cells 
were incubated with CB3-Seph arose, we recovered u,/^ com- 
plexes after elution with EDTA. Fig. 4 shows the results of 
immunoprecipitation experiments of cell extracts {Fig. 4, a and 
c) and EDTA eluates (Fig. 4,. b and d) with the rabbit anti-/3, 
cytoplasmic peptic! e serum, aft^ from HAl and clD bound .in a 
cation-dependent manner to the CBS-Sepharose. No endoge- 
nous mouse Of subunits were detected. In contrast, when ex- 
tracts from PM848 cells were used, no detectable a,j3, com- 
plexes were seen in the EDTA, : eluate.from from CB3-Sepharose 
(Fig. 4/'}, although comparable amounts of -a.p, complexes are 
found in the detergent extracts (Fig. 4c). Thus, mutation of 
.Asp 253 to an Ala leads to a loss of ligand binding capacity. 

Cell Adhesion Properties of Mutated a f Subunits — -In addi- 
tion to affinity chromatography experiments, we performed cell 
adhesion experiments with 'HAl, clD, and PM848 cells. When 
plated on with Col TV., both HAl and clD cells (Fig. 5.4.) exhibit 
cell adhesion to low concentrations of the Col IV. PM8.48 (Fig. 
5A ) and parental -3T3 cells (not shown; see Briesewitz et al. 
(33)) do not bind to this substrate even at high concentrations. 
Adhesion to LN, another known ligand for shows a similar 
result; HAl and clD bind to low concentrations, whereas 
PM848 cells need high concentrations for adhesion. 

Inhibition studies (Fig. 5£0 ; with the functional mAb IB 3.1 
show results which parallel the immunoprecipitation analysis 
shown above. Only HAl adhesion to Col IV or LN is inhibited 
.by 1B3.1, clD cells are not inhibited, since 1B3.1 does not 
recognize the chimeric a subunit. The adhesion of PM84S cells 
to high concentrations of LN is not inhibited by the functional 
mAb (not shown). 

Finally, we tried to rescue, the loss of ligand binding capacity 
of the mutant cV|j3, dimer by using high concentrations of Mn Ki 
ions in the cell adhesion media. PIVI848 cells did not differ from 
the parental 3T3 ceils when plated on Col TV (not shown! Both 
cell lines showed a minor increase in adhesion as compared to 
the adhesion observed in the presence of Mg 2 * ions. Since this 
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Fig. 5. Cell adhesion assay of NIH 3T3 cell lines. A, HAl 

(squares), cID (circles), PM848 (triangles) or nontransfected NIH 3T3 
(diamonds) cells were assayed for adhesion to Col IV (open symbols) or 
LN (closed symbols). Amounts of adhesive proteins indicated at the 
bottom of the graphs were dried down on microtiter plates. Cells were 
incubated for 30 min at 37 °C and washed, and the bound cells were 
fixed and stained. Optical density was read at 595 nm and compared to 
cells bound to an excess of FN (1 ug/well). HAl and cID cells have 
similar adhesion curves on Col IV and LN. NIH 3T3 and PM848 cells do 
not bind to Col IV and bind only to high concentrations of LN. Inhibition 
studies are shown in B. Microtiter wells were coated with Col IV (0.05 
ug/well, HA1; 0.08 ug/well, cID) or LN (0.25 ug/well, HAl; 0.5 ug/well 
for cID). Cells were incubated for 30 min at 37 °C in the presence of 5 
itim KDTA(black bars), anti-human a l mAblB3.1 (1:200, gray bars), or 
in the absence of inhibitor (open bars ). Cell binding was determined as 
mentioned above. Both cell lines bind to Col IV and LN in a divalent 
cation-dependent manner. mAb 1B3.1 blocks HAl cell adhesion, but not 
cED adhesion. 

effect was also observed on parental 3T3 cells, we conclude that 
it is related to a Mn 2 ' influence on mouse a subunits and not on 
the presence of the heterologous a x (PM848) subunit. 

DISCUSSION 

The experiments in this study investigate the domains 
within the subunit that contribute to ligand binding. This 
integrin is a known receptor for collagens and LN(s). We do not 
exclude that the J31 subunit is also involved in ligand recogni- 
tion, and data from several groups have shown that /3 domains 
are required for binding (12, 13, 36), but our present work is 
focused on the role of a subunits in the specificity of ligand 
recognition. The a subunits clearly are involved in site speci- 
ficity since a change in a composition of an integrin can lead to 
binding to a different site within the ligand. For example, ct 1 fi 1 
and a 2 3j interact with different domains within the cell binding 
fragment of collagen type IV (35), and the binding sites within 


LN for a 1 ^ 1 and a 6 3j are in distinct domains (37). 

We began this study by mapping domains required for the 
binding of the function blocking anti-ctj monoclonal antibody 
1B3.1. This antibody effectively blocks binding of to both 
Col TV and LN. We isolated from chicken raRNA a partial cDNA 
which includes the entire I domain of avian a l5 and exchanged 
it for the human I domain within full length human a r This 
chimeric protein shows the same functions as the wild type 
protein, in that it dimerizes with the mouse j3, subunit when 
expressed in NIH 3T3 mouse fibroblasts, it enables the cells to 
adhere and spread on Col IV and LN, and the isolated dimer 
binds to its ligand in affinity chromatography experiments. 
However, 1B3.1 does not bind to the chicken/human protein. 
Therefore, binding of 1B3.1 to requires the presence of the 
human I domain. A similar result was reported for the leuko- 
cyte integrin a x (pl50/90 a subunit) (18). By swapping the ploO 
and the Mac-1 I domains, the authors located most of the a x 
blocking monoclonal antibodies into this part of the protein. In 
addition, Landis et al. (38) mapped the epitope of an activating 
anti -human LFA-a monoclonal antibody to the I domain. 
Clearly, this inserted domain is critical for receptor function. 

A number of experiments strongly suggest that the I domain 
is involved in ligand recognition and cation binding. There are 
five a subunits, a 1} a 2) g^ua-ii a Mac-i» an< * a P i5o> which have I 
domains. There are several features of this group of a subunits 
that are unique. First, is the preference for Mg 2 *, for which Ca 2 " 
cannot substitute (39, 40). Indeed, Grzesiak et al (41) have 
shown that high levels of Ca 2+ can inhibit the function of a 2 /3j. 
Very recently, the role of the I domain in binding divalent 
cations has been demonstrated. Expression of this segment as 
a bacterial fusion protein led to the recovery of a protein frag- 
ment capable of binding several divalent cations (17). Interest- 
ingly, this region preferred Mn 2 % then Mg 2 * with Ca 2 * bound 
less well. This order of preference exactly parallels that of all of 
the I domain containing integrins. Furthermore, mutation of 
an aspartate residue within the I domain of full length Mac-1 
led to a receptor with impaired ligand binding properties. Ac- 
cording^, we mutagenized the homologous oxygenated residue 
within the human a Y I domain, converting an aspartate residue 
into an alanine residue. By expressing this mutant form of a l in 
3T3 cells we were able to demonstrate that these cells, in con- 
trast to HAl cells expressing the wild type human a 19 do not 
adhere to Col IV and that the isolated receptor does not bind to 
Sepharose-bound CB3 fragment. The epitope recognized by the 
functional mouse monoclonal antibody 1B3.1 was not affected 
by this mutation. Thus, a similar mechanism of ligand recog- 
nition is present in both and a M , although they recognize 
different ligands. Our data suggests that the I domain is cen- 
tral for ligand binding in the five a subunits which have this 
domain. In addition, Kamata et al. (42) have recently demon- 
strated similar findings with the integrin a. 2 $i- 

What about the role of other cation binding domains in a } f$ y 
ligand binding? We have attempted to address this question in 
several ways. We have used peptide competition experiments to 
test the contribution of these regions in ligand binding. None of 
these peptides nor a peptide derived from the I domain con- 
taining Asp 253 demonstrated a specific competition even at con- 
centrations of 2—4 dim (not shown). It is questionable whether 
the conformation of short peptides is similar to the mature 
protein and thus the lack of inhibition does not rule out an 
involvement of the metal binding domains. Thus the exact role 
of these cation binding regions remains unclear. Interestingly, 
PM848 cells and HAl cells blocked with mAb 1B3.1 (not shown) 
bind slightly better to laminin than the parental NIH 3T3 cells, 
which suggests a role of non-I domain regions. We have also 
attempted to make site directed mutants of the metal binding 
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domains, changing critical aspartate residues to glutamate 
residues within repeat five. However, all of these constructs 
were retained intracellular) y when expressed in cells. 3 Thus it 
seems likely that these metal binding domains are required for 
proper structure of the I domain containing a subunits, while 
the I domain may be the primary determinant of ligand recog- 
nition. The point mutation within the I domain does not inter- 
fere with surface expression of an a^, heterodimer recognized 
by mAb 1B3.1. We conclude that the overall structure of the 
subunit is not strongly affected. We are currently trying to 
address this question by using I domain swaps to determine 
whether this domain can confer a specific site recognition 
within a ligand. 
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SUMMARY 

Integrins cclpl and a2pi are major cellular receptors for 
collagens. The al and oc2 subunits contain a -200 amino 
acid inserted domain (I-domain) in their N-terminal region 
and, because of the homology between the I-domains and 
the collagen-binding <A-domains of von Willebrand factor, 
it has been suggested that the I-domains might mediate the 
collagen-binding functions of alpl and 02(31. In order to 
fully investigate this hypothesis, we have generated recom- 
binant human oc2 I-domain (ra2I) by reverse transcriptase- 
polymerase chain reaction/bacterial expression and tested 
its ability to mediate the collagen-binding functions of 
02(31. Ra2I binds specifically to type I collagen in a con- 
centration-dependent manner: binding is cation dependent 


and, like the complete receptor, is supported by magnesium 
and manganese ions but not bv calcium ions. Ra2I is recog- 
nised bv anti-functional anti-a2 monoclonal antibodies 
6F1, 5E8 and P1E6 in capture ELISAs, and anti-functional 
antibodies inhibited ra2I-collagen binding. In addition, 
ra2I inhibits cell spreading on collagen. Roc2I is therefore 
a collagen-binding domain and can account for many of the 
collagen-binding functions of integrin a2pl. We have also 
determined the collagen specificity of roc2I and found that 
it binds types I, II and XI collagen. 


Key words: collagen, integrin, I-domain. A-domain 


INTRODUCTION 

The integrins are a family of ap heterodimeric receptors which 
mediate cell-cell and cell-extracellular matrix interactions 
(Hynes, 1992; Tuckwell and Humphries, 1993). Collagens are 
important integrin ligands and two integrins, oclpl and a2pl, 
are recognised as collagen receptors (Wayner and Carter, 1 987; 
Takada et al, 1988: Kramer and Marks, 1989). The al and al 
subunits, along with the aL, aM, oX and cxE (alEL) subunits 
are distinguished from other a subunits by the presence of a 
-200 amino acid inserted domain (I-domain) in their N- 
terminal region (Hughes, 1992; Shaw et al, 1994). This I- 
domain is homologous to the von Willebrand factor A- 
domains, and A-domain-like sequences are also found in a 
number of other proteins including type VI collagen, comple- 
ment factor B and cartilage matrix protein (reviewed by 
Colombatti et al, 1 993). Since the A-domains of von Wille- 
brand factor have been shown to bind collagens (Roth et al, 
1986; Pareti et al, 1987; Mohri et al, 1989; Pieru et al, 1989), 
it has been proposed that the collagen-binding functions of 
integrins al P 1 and a2P 1 might be mediated by their I-domains 
(Pytela, 1988). In support of this, a number of anti-functional 
anti-a2 antibodies have recently been shown to map to the I- 
domain (Kamata et al, 1994). 

In order to fully investigate the role of the I-domain, we have' 
generated recombinant human a2 I-domain (ra2I) by reverse 
transcriptase-polymerase chain reaction/bacterial expression 
and tested its ability to mediate the collagen-binding functions 
associated with a2Pl. In common with the integrin, ra2I 
binding to collagen is specific, concentration-dependent and 


requires manganese or magnesium ions. Arm* -functional anti- 
a2 antibodies recognised roc2I and iiihibited ra2I-collagen 
binding. In addition, ra2I specifically inhibited cell spreading 
on collagen. Ra2I interacted specifically with types I, II and 
XI cojlagen. 


Oligonucleotides were synthesised on an Applied Biosystems 39] 
DNA synthesiser. Antibodies were obtained from the following 
sources: anti-mtegrin a2 mouse monoclonal antibodies; P1E6 (Carter 
et al, 1990), Gibco, Paisley, Scotland, UK; 6F1 (Santoro et al, 1988), 
V. Woods, University of California, San Diego, CA, USA; 12F1 
(Coller et al, 1989), B. Coller, State University of New York, Stony 
Brook, NY, USA; 5E8 (Chen et al, 1991), R. Bankert, Roswell Park 
Cancer Institute, Buffalo, NY, USA; 1C1 1 was raised as described by 
Mould et al. (1993); polyclonal anti -integrin a2pl antiserum 999 
(Kern et *al, 1993), A Kern and K. Kiihn, Max-Planck-Institut fur 
Biochemie, Martinsried, Germany; anti -integrin av mouse mono- 
clonal LM342, D. Cheresh, Scripps Clinic, La Jolla. CA, USA: anti- 
integrin pi rat monoclonal mAbl3, K. Yamada and S. Akiyama, 
NIDR, XttH, Bethesda, MD, USA. ' 

Rat tail type I collagen and human placenta] types IV and V 
collagen were obtained from Sigma, Poole, Dorset, UK. Human 
placental types I and VI collagen were obtainedfrom Lab Impex, Ted- 
dington, Middlesex, UK. Bovine types II, IX and XI collagen were 
purified from articular cartillage as described by Ayad et al. (1981). 
Types II and XI collagen were at least 95% pure by SDS-PAGE while 
type DC collagen contained low levels of type XI collagen as its only 
visible contaminant. 


MATERIALS AND METHODS 
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Generation of recombinant integrin a2 [-domain (ra2l) 

A cDNA clone corresponding to the integrin a2 1-domain was 
generated by reverse transcriptase-polymerase chain reaction. RNA 
was prepared from HT1 0S0 human fibrosarcoma cells as described by 
Makarem ct al. (1994) and first strand cDNA was generated from this 
using a 3' primer spanning the predicted intron boundary site at the 
3' end of the I-domain and incorporating an EcoFJ site (5'- 
GGGAATTCAACAGTACCTTCAATGCTG-3'). Polymerase chain 
reaction (PCR) amplification of this cDNA was then carried out using 
the above 3' primer and a 5' primer designed to give a 5' extension 
corresponding to the integrin sequence preceding the I-domain 
(Michishita ct aL, 1993), and incorporating a BainHl site (5'-GGG- 
G ATCC AGTCCTG ATTTTC AGCTCTC AG -3') . 50 cycles were 
carried out, each cycle consisted of 1 minute at 94°C, 1 minute at 
55°C and 2.5 minutes at 72°C. PCR products were run on a 1% 
agarose gel, the major band (which was of the correct M T ) excised, 
digested with BamRl and £coRl, ligated into pUC119. and used to 
transform E. coli strain DH5aF'. The ra2I sequence from transfor- 
mants was sequenced by the dideox}' chain termination method of 
Sanger et al. (1977) and compared with the published sequence 
(Takada and Hemler, 1989). Ra2I cDNA was then subcloned into 
pGEX-2T (Smith and Johnson, 1988; Pharmacia, Milton Keynes, UK) 
and used to transform DH5aF'. Transformants were screened by using 
0.5 ml of overnisht cultures of transformants to innoculatc 5 ml of 
LB, 50 mg/ml ampicillin. Cultures were grown for 1 hour at 37°C and 
then for 4 hours at 37°C in the presence of 0.1 mM isopropyl-^-D- 
thiogalactoside (EPTG). Cultures were then centrifuged, bacterial 
pellets solubiiised in SDS-PAGE sample buffer and resolved on 10% 
acrylamide SDS-PAGE gels. Transformants expressing the glu- 
tathione ,S-transferase-ra2I fusion protein were identified by the 
presence of a protein band of —50 kDa. 

For the purification of roc2I, typically a 40 ml overnight culture of 
transformants was used to innoculate 400 ml of LB, 50 mg/ml ampi- 
cillin. The culture was grown for 1 hour at 37°C and then induced 
for 4 hours with EPTG as above. Cells were harvested by centrifu- 
gation (4,500 g, 1 0 minutes) and pellets resuspended in PBS without 
divalent cations (PBS - ). Suspensions were then sonicated, cen- 
trifuged (2,500 g, 10 minutes) and the supernatants . retained. Pellets 
were resuspended in PBS~, sonicated and centrifuged a further 2 
times and the supernatants pooled. The resulting lysatc was then 
passed down a glutathione agarose column (Sigma; prepared 
according to manufacturers instructions) equilibrated in 150 mM 
NaCl, 20 mM Tris-HCl, pH 7.5 (TBS), the column washed with 10 
volumes of TBS and the glutathione S-transferase-ra2I fusion 
protein eluted with 5 mM glutathione in 50 mM Tris-HCl, pH 8.0. 
The fusion protein was then dialysed against TBS to remove the glu- 
tathione and cleaved with thrombin (Sigma; 1:100 (w/w) 
enzyme:fusion protein) in the presence of 2.5 mM CaCb for 3 hours 
at room temperature. The cleavage mixture was reduced by the 
addition of dithiothreitol (DTT) to 5 mM to break a disulphide bond 
between the glutathione 5-transferase and ra2I moieties (D. S. 
Tuckwell, unpublished observation) and then passed a second time 
down the glutathione agarose column to remove glutathione S-trans- 
ferase. The ra2I remained in the flowthrough and was dialysed to 
remove DTT. For experiments requiring high concentrations' of 
roc2I, samples were concentrated using a Microcon 3 microconcen- 
trator (Ainicon, Stonehouse, Gloucester, UK). The recombinant 
I-domain produced was 224 amino acids long, starting 
GSS(124)PDFQ...IEGTV(339)EFIVTD; bold letters indicate non- 
integrin amino acids, nurnbers correspond to the integrin sequence. 

Biotinylation of ra2I was carried out as follows: Rot2I was dialysed 
into PBS" and 1/5 volume 0.1 MNaHCCb, 0.5 MNaCI, pH 8.0, added 
to elevate the pH for biotinylation. Sulpho-NHS-biotin (Pierce, 
Chester, UK) was added at 1:2 (w/w) ra2I:biotin and incubated for 1 
hour at room temperature. The mixture was then dialysed against TBS 
to remove unincorporated biotin. 


Ra2l solid-phase binding assays 

The ra2I binding assay was based on the solid phase assay of 
Makarem et al. (1994) and the cell attachment assay (Tuckwell et al., 
1994). Microtitre plates (Costar, Cambridge, MA, USA) were coated 
with ligand molecules, dissolved in PBS - , for 1 hour at room tem- 
perature. Wells were then blocked with 50 mg/ml BSA (Sigma) in 
TBS for 1 hour at room temperature, washed twice with TBS, 1 mM 
MgCh, and biotinylated ra2I added at a concentration of 0.25 mg/ml 
in TBS, 1 mM MgCh, 1 mg/ml BSA (Calbiochcm s Beeston, Not- 
tingham. UK), for 3 hours at 35°C. Wells were then washed three 
times with TBS, 1 mM MgCh, and cxtravidin peroxidase (Sigma) 
added at a concentration of 10 Ug/ml in TBS, 1 mM MgClz, 1 mg/ml 
BSA (Calbiochem) for 10-20 minutes at room temperature. Wells 
were washed three times with TBS, 1 mM MgCh, and bound ra2I 
visualised with 0.1 M sodium acetate, 0.05 M NaHTPO^ 2mM2'2'- 
azino-bis(3-ethyIbenzthiazoline-6-sulphonic acid) (ABTS), 0.03% 
H2O2. Wells were read at 405 nm on a plate reader. To enable com- 
parisons between assays, data from different assays were normalised, 
typically to ra2I binding to 100 mg/ml type I collagen in the presence 
of 1 mM MgCh. 

For assays where agents were to be added exogenously or cation 
concentrations varied, ra2I and agents were made up to double the 
final concentration and half of final volumes added of each. Asents 
(antibodies, divalent cations) were always added before ra2I. In 
addition, for assays studying cation dependencies, the wash after 
blocking was carried out with TBS without cations, and subsequent 
washes and incubations included 1 mM MnCh in addition to 1 mM 
MgCl 2 . 

Solid phase assays which employed antibody detection of bound 
rcc2I, rather than extravidin peroxidase, were carried out as follows: 
The above protocol was used up to and including the three washes 
following incubation with I-domain. To each well was then added 
polyclonal anti-cc2pi antiserum 999, 1 :400 in TBS, 1 mM MgCh, 1 
mg/ml BSA, and plates were incubated for 45 minutes at room tem- 
perature. Wells were then washed three times with TBS," 1 mM 
MgCh, and peroxidase-linked goat anti -rabbit antibody (Sigma) 
added, 1:800 in TBS, 1 mM MgCh, 1 mg/ml BSA, followed by a 
further 45 minute incubation. Wells were then washed three times 
with TBS, 1 mM MgCh and detected with ABTS as above. 

Roc2l inverted binding assay 

This assay was based on the solid phase binding assay, but with the 
soluble and immobilised phases reversed. Type I collagen was 
biotinylated by the addition of sulpho-NHS-biotin (1:1 (w/w) 
collagen:biotin) to collagen solutions in 1:1.5 (v/v) 0. 1 M acetic acid: 
PBS" and incubated for 1 hour at room temperature. The collagen 
solution was then dialysed against 0. 1 M acetic acid to remove unin- 
corporated biotin. Assays were carried out as follows: microtitre 
plates were coated with ra2I at 25 (Xg/ml in PBS" for 1 hour at room 
temperature. Wells were then blocked with 50 mg/ml BSA in TBS 
for 1 hour at room temperature, washed twice, with TBS, 1 mM 
MnCh, and biotinylated type I collagen in 50 .mM Tris-HCl, pH 7.5, 
150 mM NaCl, 1 mM MnCh, 1 mg/ml BSA added. Plates were 
incubated for 3 hours at 35°C. Wells were then washed three times 
with TBS, 1 mM MnCh, and bound collagen visualised with extra- 
vidin peroxidase as for solid-phase binding assays. 

Capture ELISA 

Capture ELISAs were carried out after the method of Brookman et al. 
(1995). Immulon 4 microtitre plates (Dynatech, Chantilly, VA, USA) 
were coated -with antibodies at a concentration of 10 JJ-g/ml (purified 
antibodies) or 1:100 ((v/v) ascites) in 50 mM Na^CCb, pH 9.5, 
overnight at 4°C. Wells were washed twice with PBS", blocked with 
PBS", 2% (w/v) fat-free milk powder for 1 hour at 4°C, washed twice 
with PBS", 0.1% Tween-20, and incubated with 1 0 p.g/ml biotinylated 
ra2I in PBS", 0.1% Tween-20, 0.5% (w/v) fat-free milk powder for 
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2 hours at 4°C. Wells were then washed three times with PBS", 0.3% 
Tween-20. incubated with extravidin peroxidase (Sigma) at a con- 
centration of 4 us/ml in PBS", 0.1% Tween-20, 0.5% (w/v) fat-free 
milk powder for 2 hours at 4°C, washed three times with PBS", 0.1 % 
Tween-20, and bound antibody visualised with ABTS as above. 

Cell spreading assays 

HT10B0 human fibrosarcoma cells were maintained as described by 
Weston et al. (1994). Microtitre plates (Costar) were coated with 
human type 1 collagen at 2.5 ug/ml in PBS" or 80 kDa fragment of 
fibronectin (prepared as described by Garcia-Pardo et al., 19S9) at 5 
jig/ml in PBS" for 1 hour at room temperature. These concentrations 
were found to be the lowest concentrations which promoted maximal 
spreading. Wells were then blocked with heat denatured BSA (Sigma; 
Humphries et al., 1986) for 1 hour at room temperature. Cells were 
removed from culture flasks with trypsin/EDTA, trypsin was 
quenched with culture medium, the cell suspension washed twice with 
MEM and cells resuspended to 5xl0 5 cells/ml in MEM. 80 ul of roc21 
diluted in phosphate buffered saline with divalent cations was added 
to each well of the microwell plate, followed by 20 u.1 of cell sus- 
pension. Plates were incubated under normal culture conditions for 1. 
Wells were then fixed by direct addition of 10 ml 50% (w/v) glu- 
taraldehyde and the number of spread cells (phase-dark cells with a 
flattened or flattening morphology) recorded. 


RESULTS 

Integrin al I-domain cDNA was generated from HT1080 
human fibrosarcoma RNA by reverse transcriptase-polymerase 
chain reaction. a2 I-domain cDNA was then sequenced, 
ligated into the pGEX-2T vector and used to transform E. coll 
Transformants synthesised a glutathione iS-transferase-recom- 
binant integrin a2 I-domain (ro2I) fusion protein of -50 kDa 
after PTG induction (Fig. 1). The fusion protein was purified 
on a glutathione-agarose column and, after thrombin cleavage 
and removal of the glutathione 5-transf erase moiety by a 
second round of. glutathione-agarose affinity chromatography, 
yielded a protein of -25 kDa, the expected size for the 224 
amino acid rcc2I. The recombinant protein was at least 90% 
pure by SDS-PAGE (Fig. 1). • 
In order to investigate the -functional role of the integrin a2 
I-domain, experiments were carried out to demonstrate the 
extent to which ra2I accounts for the collagen-binding 
function of integrin a2(3l . In solid-phase ligand-binding assays 
using soluble biotinylated I-domain, ra2I bound to the a2(3l 
ligand, type I collagen (Fig. 2). Heat denaturation of type I 
collagen, which is known to dramatically reduce its ability to 
support o2|3l binding (e.g. Tuckwell et al., 1994), abolished 
ra2I binding. Ra2I was also unable to bind to the 80 kDa 
fragment of fibronectin or to fibrinogen, neither of which are 
either collagenous proteins or ligands for a2pi although both 
are adhesive proteins. In addition, pre-treatment of collagen 
with bacterial collagenase reduced the amount of ra2I binding 
to background levels (data not shown): roc2I binding to type 1 
collagen was therefore specific. The binding of ru2I to type I 
collagen was concentration-dependent and saturable (Fig. 3), 
reinforcing the demonstration of the specificity of the interac- 
tion. No binding to the 80 kDa fragment of fibronectin was 
seen over the same concentration range. Roc2I binding to 
collagen could also be demonstrated in an inverted binding 
assay, resembling the solid-phase binding assay but with 
immobilised ra2I and biotinylated type Icollagen in solution: 
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Fig. 1. SDS-PAGE gel demonstrating the purification of ra2I: E. coli 
transformed with pGEX-2T carrying ra2I cDNA were induced with 
IPTG. Lane 1, induced bacteria, solubilised in SDS-PAGE sample 
buffer; lane 2, PBS" lysate of induced bacteria; lane 3, glutathione 
iS-transferase-ro:21 fusion protein retained on glutathione -agarose 
column; lane 4, ra2I product after cleavage of fusion protein and 
removal of glutathione S- transferase moiety. F marks the position of 
the glutathione iS-rransferase-ra2I fusion protein, I marks the position 
of ro2I. 
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Fig. 2. Binding of biotinylated ra2I to different substrates in a solid 
phase assay, two substrate concentrations are shown; mean ± s.e.m., 
77=10 from 2 experiments. Solid phase assays were carried out 
essentially as follows: microtitre plates were coated with substrate 
molecules, blocked with BSA and biotinylated ra2I added at 0.25 
ug/ml. Unbound ra2I was then washed off, extravidin -peroxidase 
added, unbound peroxidase washed off and the colourimetric 
peroxidase substrate ABTS added. Plated were read on a plate reader 
at 405 run. Type I collagen was heat denatured by heating solutions 
to 50°C for 30 minutes immediately prior to coating microtitre wells; 
80 kDa fragment, 80 kDa fragment of fibronectin. 

type I collagen bound to roc2I s but binding was greatly reduced 
by prior heat denaturation of the collagen (Fig. 4). 

The interaction of integrin cc2|3l with type I collagen is 
dependent on divalent cations (Santoro, 1986; Grzesiak et al. s 
1992). Consistent with this, rcx2I binding to type I collagen was 
greatly reduced by the addition of 10 mM EDTA (Fig. 5). A 
more detailed study of the divalent cation dependency of roc2I 
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Fig. 3. Concentration-dependence of biotinylated ra2I binding to 
type I collagen and 80 kDa fragment of fibronectin over a range of 
substrate concentrations in a solid phase assay; mean ± s.e.m., /7=8 
from 2 experiments. 
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Fig. 5. Inhibition of biotinylated rocll binding to type i collagen by 
1 0 mM EDTA in a solid phase assay; mean ± s.e.m., «=8 from 2 
experiments. Microtitre wells were coated with 100 (lg/ml type I 
collaecn. 
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Fig. 4. Binding of biotinylated type I collagen to ra2I in an inverted 
binding assay. Microtitre plates were coated with rot2I, blocked with 
BSA and biotinylated collagen added. Unbound collagen was then 
washed off, extravidin-peroxidase added, unbound peroxidase 
washed off and the colourimetric peroxidase substrate ABTS added. 
Plated were read on a plate reader at 405 run. Denatured collagen . 
was generated by heating solutions to 50°C for 30 minutes prior to 
addition to microtitre wells. Collagen was added at either 100 u,g/ml 
or 50 fig/ml; for controls, binding of biotinylated collagen to BSA 
was also measured. 


binding to type I collagen showed that magnesium and 
manganese ions supported binding, with manganese ions sup- 
porting a greater level of binding than magnesium ions, while 
calcium ions were inactive (Fig. 6). These data are consistent 
with the observed cation dependency of integrin a2pl where 
magnesium ions support binding but calcium ions only support 
a low level of binding or are inhibitory (Santoro, 1986; 
Grzesiak et al., 1992; Kern et al., 1993). The enhancement of 
binding seen with manganese has also been observed for other 
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Fig. 6. Divalent cation dependency of ra2I binding to type I collagen 
in a solid phase assay; mean ± s.e.m., «=12 from 2 experiments. 
Microtitre wells were coated with 30 u.g/ml type I collagen, 
corresponding approximately to the half-maximal level of binding 
(see Fig. 3). This enables optimal promotion or inhibition of binding 
by cations to be observed. 


integrin ligands (Gailit and Ruoslahti, 1988; Kern et al., 1993). 
Divalent cation dependency of binding was also studied over 
a range of I-domain concentrations: a divalent cation-indepen- 
dent component of binding was observed as I-domain concen- 
tration was increased (Fig. 7 A), and this could be inhibited by 
the anti-functional antibody 5E8 (data not shown). Cation 
dependency, of the binding of unmodified I-domain, detected 
with a polyclonal antibody, was also studied (Fig. 7B). 
However, binding was seen to be completely divalent cation- 
dependent. 

A number of anti-integrin cc2 monoclonal antibodies have 
been described which inhibit oc2pl function; these antibodies 
were therefore used in capture ELISA assays to test their 
ability to recognise roc2I. The antibodies 6F1 (Coller et al, 
1989), 5E8 (Chen et al., 1991) and P1E6 (Carter et al., 1990) 
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Fig. 7. Divalent cation dependency of I-domain 
binding to collagen over a range of I-domain 
concentrations. (A) Representative experiment 
showing binding of biorinylated rcx2I to type I 
collagen (coated at 150 jig/ml). (B) Representative 
experiment showing binding of unbiotinylated roc21 
to type 1 collagen (coated at 100 fig/ml), detected 
with polyclonal antiserum. 1,000 rrivl I-domain is 
equivalent to 25 p.g/ml. 


all bound ra2I (Fig. 8 A) demonstrating that their anti -func- 
tional effect is mediated through binding to ra2I and support- 
ing the proposed role of ra2I in integrin-collagen binding. The 
anti-a2 antibody 12F1 (Santoro et al., 1988) also bound roc2I, 
although this antibody is not anti-functional. A control ahti-oc2 
antibody 1 CI 1 (Mould et al., 1991 ) and a number of irrelevant 
antibodies did not bind ra2I. Preliminary data also showed that 
a number of other anti- a2 antibodies, 10A4 and 31H4 (Mould 
et al., 1991), and HAS3, HAS4 and the anti -functional 
antibody HAS 6 (Tenchini et ah, 1993), did not bind ra2I in 
the capture ELISA. The effect of the anti -functional antibody 
5E8 on ra2I-collagen binding was also studied: 5E8 inhibited 
I-domain binding whereas the control antibody 1 CI 1 had no 
effect (Fig. 8B). 6F1 also inhibited I-domain binding to 
collagen (data not shown). 

In order to further demonstrate the role of the integrin cx2 I- 
domain as a collagen-binding site, roc2I was tested for its 
ability to inhibit HT1080 spreading on collagen, a process 
mediated by integrin a2£l (Wayner and Carter, 1987; Weston 
et al., 1994). Ra2I was seen to inhibit spreading of HT1080 
cells on type I collagen but not on the 80 kDa fragment of 
fibronectin (Fig. 9A,B). Inhibition of HT1080 spreading on 
type I collagen plateaued at 30-40% in the presence of 2-4 
mg/ml rcc2r(Fig. 9C). However, it was apparent that even 
those cells which were spread on collagen in the presence of 
ra2I were less well spread than cells spread on 80 kDa 
fragment of fibronectin (Fig. 9A.B). 

Finally, the specificity of rcc2I-collagen binding was 
examined using a range of collagens as substrates in solid- 


phase ligand-binding assays (Fig. 10). Types 1 and II collagen 
supported rot2I binding well, as did type XI collagen. In 
contrast, little or no binding was observed to heat-denatured 
type II collagen or to types IV, V, VI or IX collagen. The 
inability of these latter collagens to support binding was not 
due to differences in coating of the microtitre dishes as heat- 
denatured type II collagen coats with the same efficiency as 
native type II collagen (Tuckwell et al. s 1994), and type IV \ V, 
VI, and IX collagens all supported at least 50% spreading of 
HT1080 cells (data not shown). The use of anti-functional anti- 
ct2 monoclonal antibodies also showed that HT1080 cell 
spreading on type IV collagen was a2 (31 -dependent. 
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Fig. 8. The interactions of anti -functional anti-a2 antibodies with 
ra2I. (A) Capture ELISA using biorinylated ra2I and anti-a2 
antibodies. Microtitre plates were coated with antibodies, blocked, 
and biorinylated ra2I added. Unbound antibody was washed off, 
extravidin-peroxidase added, unbound peroxidase was washed off 
and the colourimetric peroxidase substrate ABTS added. Plated were 
read on a plate reader at 405 nm. 6F1, 5E8, P1E6, anti functional 
mouse ami-a2 monoclonal antibodies; 12F1, 1C1 1 other mouse anti- 
a2 monoclonal antibodies; mAb!3, rat anti -integrin pi monoclonal 
antibody; LM142 mouse anri-integrin av monoclonal antibody. 
P1E6 was supplied as ascites as was LM142, used here as an ascites 
control. (B) Inhibition of binding of biorinylated m2I to type I 
collagen by the antifunctional antibody 5E8 in solid phase assays; 
meaiT± s.e.m, /?=6 from 2 experiments. Microtitre plates were coated 
with 100 u-g/ml type I collagen; 5E8 and control antibody 1C1 1 were 
added at 1 0 jig/ml final concentration. 
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Fig. 9. Inhibition of HT1 080 spreading on type I collagen by ra2I. 
Microwell plates were coated with type I collagen or 80 kDa 
fibronectin fragment and blocked with heat denatured BSA. I-domain 
solution was added, followed by HT1080 cell suspension. Plates 
were incubated for 1 hour at 37°C and fixed by direct addition of 
glutaraldehyde. (A,B) HT1080 spreading on type I collagen (A) or 
80 kDa fragment of fibronectin (B) in the presence of 2 mg/ml ra2I. 
Note that most cells in (A) are phase bright with a small surface area 
compared to cells in (B). (C) The percentage inhibition of HT1080 
spreading on type I collagen or 80 kDa fragment of fibronectin in the 
presence of increasing concentrations of ra2I: representative 
experiment shown, mean ± s.d., «=4. 


DISCUSSION 

We report the generation and testing of a recombinant human 
integrin a2 I-domain (roc2I). In common with integrin a2pl, 
the interaction of ra2I with type I collagen was seen to be 
specific and concentration-dependent. The ra2I-type I collagen 
interaction required divalent cations, and was supported by 
manganese and magnesium ions but not by calcium ions. Roc2I 
was also the binding site for a number of anti-functional anti- 
a2 antibodies and anti-functional antibodies inhibited roc2I- 
collagen binding. Ra2I also specifically inhibited cell 
spreading on type I collagen. Ra21 is therefore a collagen- 
binding domain within a2pl and is able to account for many 
of the collagen-binding properties of the integrin. . 

Integrin a2p1-collagen binding 

Integrins cclpl and a2pl are recognised as receptors for 
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Fig. 10. Binding of biotinylated rot2I to a range of collagens in a 
solid phase assay; LCD, denatured type II collagen; mean ± s.d., «=8 
from 2 experiments. 


collagens (Wayner and Carter, 1987; Takada et al., 1988; 
Kramer and Marks, 1989). The integrin a subunits can be 
grouped on the basis of certain primary sequence characteris- 
tics, reflecting the underlying degree of sequence identity 
(Hughes, 1992; Hynes, 1992). al, W a2, aL, txM, aX and aE 
(alEL) have in common an inserted domain in their N-termini 
known as the I-domain, although within this group al and a2 
are more similar to each other than to the other a subunits. The 
I-domain is homologous to the von Willebrand factor (vWf) 
A-domains (reviewed by Colombatti et al. s 1993), and since 
vWf A-domains have been shown to bind collagen (Roth et al., 
1986; Pareti et aL, 1987; Mohri et al., 1989; Pietu et al., 1989), 
it has been hypothesised that the collagen-binding functions of 
integrins ccipi and cc2pi might be provided by the I-domains 
(Pytela, 1988). Recently, Kamata et al. (1994) showed that a 
number of anti-functional anti-oc2 antibodies mapped to the I- 
domain, and Kern et al. (1994) have made a similar observa- 
tion for al, thus providing some support for this hypothesis. 
The data reported here for ra2I conclusively demonstrates that 
the I-domain of a2 is a collagen-binding domain. 

Ra2I bound types I, II and XI collagen, and preliminary data 
indicated that ra2I also bound type III collagen. The fibril- 
forming collagens, types I, II, III, V and XI, are grouped 
together on the basis of molecular and physical characteristics, 
with a further subgrouping into types I, U and III, and types V 
and XI (Kielty et aL, 1993). On the basis of this, the binding 
of ra2I to types I and II can be rationalised. The inability of 
type V to support binding while type XJ was active may be due 
to the marked similarity, or perhaps identity, of a3(XI) and 
al(II) (Burgeson and Hollister, 1979). Types IV, VI and IX 
collagen do not closely resemble the fibril-forming collagens 
(Kielty et aL, 1993) and their different sequences and struc- 
tures is probably the basis of their different behaviour in these 
assays compared to the fibrillar collagens. 
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Although bindine 0 f ra2I to collagens IV, V, VI or IX could 
not be detected- a2pl has been clearly shown to act as a 
receptor for type IV collagen (e.g. Wayner and Carter 1 987; 
Kern et al. s 1993). In our hands, HT10S0 cells, which express 
a°pi as the sole collagen receptor, adhere better to type I 
collagen than to type IV collagen (D. S. Tuckwell and M. J. 
Humphries, unpublished work) and it is therefore possible that 
ra2I binding to type IV collagen was too weak to be detected. 
Furthermore, the molecular basis of collagen recognition by 
inteerins is still far from clear, and it is not known to what 
extent the fibrillar collagens and type IV. collagen share a 
common integrin recognition motif. 

While roc2f clearly binds certain fibrillar collagens, it is not 
certain that the I-domain is solely responsible for integnn- 
collaeen binding. Comparisons with vWf, where A-domains 
bind collagen, would suggest that the integrin 1 -domain can act 
as the sole binding site on the integrin for collagen. Alterna- 
tively, the I-domain could function as a facilitating module, 
binding collagens with a relatively low affinity but enabling 
recognition of a binding sequence by other parts of the integrin 
molecule; This might account for the inability of roc2I to com- 
pletely inhibit celfspreading on type I collagen (see Fig. 9). 
Alternatively, assay conditions might not have enabled suffi- 
ciently hish' amounts of correctly folded protein to be present 
before secondary effects took over, e.g., even at the high con- 
centration of protein required for this experiment, only low 
molar amounts were present (4 mg/ml ra2M60 uM). In 
addition to collazens, a2(3l is also known to bind echovirus, 
laminin and typel collagen C-propeptide (Elices and Hemler, 
1989; Bereelson et al. } 1992; Weston et al. 5 1994). Kamata et 
ah (1994f recently demonstrated that an antibody which 
blocked a2(3l -echovirus binding mapped to the I-domain, sug- 
gesting that echovirus may be a ligand for the 1 -domain. 
However, preliminary data indicated that ra2I did not bind to 
laminin or type I collagen C-propeptide in solid-phase binding 
assays (D. Davies, D. A. Calderwood, D. S. Tuckwell and M. 
J. Humphries, unpublished data). These ligands may be bound 
by the non-I-domain region of the integrin, and the exact rela- 
tionship between the I-domain and the rest of the integrin 
therefore needs to be established in future studies. There is 
evidence for synergy between the I-domain and other regions 
of the integrin: Stanley et al. (1994) recently showed that for 
ccL, both the I-domain and the N-terminal divalent cation- 
binding repeats were involved in ICAM-1 binding. Also, the 
variety of integrin activation states for ligands seen in the non- 
I-domain integrin cx4|31 (Masumoto and Hemler, 1993) are also 
seen in 0:2(31. For example, depending on the cell type into 
which oc2 cDNA was transfected, the same cDNA produced 
oc2pl capable of binding type I collagen and laminin, collagen 
only or no ligand (Chan and Hemler, 1993), thus demonstrat- 
ing interactions between I-domain and non-I-domain regions 
of the integrin. The role of these interactions in the process of 
collagen binding remains to be established. 

Integrin oc2 I-domain and the Von Willebrand factor 
A-domain family 

A-domains have to date been identified in types VI, VII, XII 
and XIV collagens, complement factors B and C2, cartilage 
matrix protein and integrins al, oc2, aL, aM, aX and aE 
(ccIEL; Colombatti et al., 1993; Shaw et aL, 1994), but their 


functions are still poorly understood. The majority of func- 
tional studies have been caried out on von Willebrand factor 
(vWf) and its three A-domains, Al, A2 and A3. Types I, III 
and VI collagen have been shown to bind to vWf (Rand et aL, 
1991; de Groot et al., 1988) and binding sites for types I and 
III collasen have been localised to Al and A3 domains (Roth 
et aL. 1986: Pareti et aL, 1987; Mohri et aL, 1989; Pietu et aL, 
1989; although see Cruz et aL, 1993 and Sixma et aL, 1991). 
Together with the data for ra2I in this report, collagen binding 
is therefore seen to be a property of a number of A-domains. 
It is, however, unlikely that collagen binding is a feature 
common to A-domains: Type XTV collagen may not bind 
collagens (Brown et aL, 1993, although see Just et aL, 1991) 
and the A-domain-containing N-terminal region of a3(VI) 
collagen did not bind type I or III collagens, although it did 
bind to the collagenous domain of type VI collagen (Specks et 
aL. 1992). In addition, no collagen ligands have yet been 
described for aL$2, aMp2 or aX£2 integrins although other 
ligands have been reported (reviewed by Hynes, 1992; 
Tuckwell and Humphries, 1993). 

A number of studies have attempted to define the function 
of integrin I-domains using chimeric, truncated or mutated 
integrirT constructs: The aM I-domain was found to be a recog- 
nition site for monoclonal antibodies which blocked binding of 
the intact integrin (oMP2) to its ligands iC3b, fibrinogen and 
ICAM-1 (Diamond et aL, 1993) and mutagenesis of the aM I- 
domain abolished iC3b binding (Michishita et aL, 1993). In 
addition, the aL I-domain was found to be the binding site for 
a monoclonal antibod}' which could regulate the binding of 
aL|32 to ICAM-1 (Landis et aL, 1993). Recent studies 
employing recombinant I-domains have demonstrated aL I- 
domain binding to ICAM-1 (Randi and Hogg, 1994) and aM 
I-domain binding to ICAM-1 and fibrinogen (Zhou et aL, 
1994). It seems very likely that C3b and the homologous 
protein C4b are also A-domain ligands as, in addition to data 
for aM I-domain and iC3b, aXp2 has been reported to bind 
iC3b (Hynes, 1992; Tuckwell and Humphries, 1993), and com- 
plement factors B and C2, which contain I-domains, bind C3b 
and C4b, respectively {Xinoshita, 1991). 

It is now also apparent that the A-domains contain a cation 
binding site, as divalent cation binding was demonstrated for 
a recombinant aM I-domain (Michishita et aL, 1993) and 
binding of ra2I to collagen was divalent cation-dependent. A 
cation-independent component of binding was seen as the con- 
centration of biotinylated I-domain was increased (Fig. 7). 
However, identical studies using unmodified I-domain did not 
show cation-independent binding. It is possible that modifica- 
tion of the protein may have partly affected its ability to bind 
cations. 

In conclusion, we have directly demonstrated a collagen- 
binding function for integrin oc2 I-domain, showing that it 
binds specifically to types I, II and XI collagens in a cation- 
dependent manner. This will not only clarify our understand- 
ing of integrin-ligand binding but will. also add to the infor- 
mation on the functions of the A-domain family. 
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Note 

Submission of this manuscript coincided with the publication 
of a study by Kamata et al. (J. Bio!. Chem. (1994) 269, 26006- 
26010) demonstrating binding of recombinant I-domain to 
collasen. Our study is in broad agreement with and extends the 
work of Kamata et al., with the exception of the observation 
of Kamata et al. that binding of iodinated I-domain to collagen 
is cation-independent. Our study shows that reagent concen- 
tration and perhaps also protein modification are modulators of 
cation dependency, and these factors may account for the dif- 
ference between our data and that of Kamata et al. 
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